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Abstract 


The  results  of  the  research  described  in  this  annual  report 
can  be  summarized  in  terms  of  the  experimental  approaches  used  to 
probe  the  aluminum/graphite  interface.  The  materials  studied  included 
the  commercial  6061/VSB  32  composites  as  well  as  layered  model  systems 
on  single  crystal  and  polycrystalline  graphite  substrates  and 
glassy  carbon  substrates.  The  I/V  characterization  of  the  interface 
demonstrated  that  the  oxide  within  the  interface  plays  a  major  role  in 
the  interface  strength.  If  the  interface  was  in  a  low  conductivity 
state,  fracture  occurred  at  the  interface  weaving  through  the  oxide. 
When  the  interface  was  switched  into  an  electrically  conductive  state, 
fracture  occurred  within  the  single  crystal  graphite  substrate.  The 
interface  strength  was  directly  correctable  with  its  conductivity 
state.  AES  was  used  to  icentify  the  fracture  path  and  the  chemistry 
of  the  model  laminate. 

TEM  of  the  commercial  materials  and  the  model  laminates  again 
showed  the  presence  of  y-A^O^,  MgAl203  and  TiB2  in  the  as-prepared 
samples.  No  aluminum  carbide  was  found.  To  make  sure  the  carbide  was 
not  dissolved  during  the  thinning  a  non-aqueous  methanol  based  etching 
solution  was  used.  When  samples  were  aged  within  the  solid  state 
region,  Al^C^  and  Al^C^O  were  found.  Their  growth  was  strongly  depen¬ 
dent  on  the  heat  treat  environment,  the  temperature,  and  the  crystallo¬ 
graphy  of  the  graphite  relative  to  the  interface. 


In  addition  to  the  interface  characterization  some  of  the  AES 
measurement  problems  are  discussed  including  beam  damage  and  angular 
dependence.  The  spectra  of  many  carbides  are  also  included  in  the 
report. 


I.  Introduction 
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The  research  results  in  this  report  represent  the  continuing  study 
aimed  at  determining  the  nature  of  the  interface  between  the  aluminum 
matrix  and  the  graphite  fibers  in  the  aluminum  graphite  metal  matrix 
composites.  A  limited  effort  on  the  aluminum/silicon  carbide  discon¬ 
tinuous  fibers  composites  was  also  initiated.  This  report  extends  the 
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efforts  previously  reported.  *  The  major  emphasis  will  be  on  results 
during  the  past  year  but  includes  some  of  the  prior  effort  for  con¬ 
tinuity  purposes.  The  results  reported  here  are  from  experiments  and 
analysis  performed  by  Duane  Finello,  James  Lo,  Li-Jiuan  Fu,  Horacio 
Mendez  and  Dr.  Michael  Schmerling.  The  wire  and  plate  materials  used 
in  the  studies  came  from  the  Aerospace  Corporation  and  the  Silag 
Division  of  Exxon.  The  model  laminate  systems  were  produced  in  our 
laboratories. 

II.  Experimental  Approaches  and  Results 

During  the  past  year  the  main  emphasis  in  the  interface  studies 
of  the  aluminum  graphite  metal  matrix  composites  has  been  focused  on 
four  areas.  These  are:  1)  Studying  the  interface  by  determining  the 
characteristic  I/V  curves  measured  across  the  interface  and  relating 
this  to  the  fracture  path;  2)  Scanning  Auger  Microscopy  (SAM)  of  the 
fracture  path  to  determine  the  chemistry  of  the  fracture  path;  3) 
Transmission  electron  microscopy  (TEM)  of  the  phases  present  at  the 
interface  of  model  and  commercial  composites;  4)  Kinetics  of  Al^C^ 
formation  as  a  function  of  graphite  form  and  interface  phases.  The 
above  results  will  be  discussed  in  the  following  sections  and  details 


are  given  in  the  appropriate  appendices. 

A.  Current-Vol tage  (I/V)  and  AES  Characterization  of  the  Interface 
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In  the  prior  annual  report  the  characterization  of  the  single 
crystal  graphite/oxide/aluminum  laminate  interface  with  I/V  curves 
was  described.  The  observation  was  made  that  for  a  thin  oxide 
(4.0  -  8.0  nm)  the  material  easily  switched  into  a  high  conductive 
state  and  the  fracture  path  was  through  the  graphite  single  crystal. 
The  thicker  oxide  materials  (>12.0  nm)  required  larger  voltages  to 
switch  and  were  unstable  in  the  high  conduction  state.  They  showed 
a  fracture  path  that  weaved  within  the  oxide  interface  layer.  The 
measurements  were  extended  in  several  ways  to  further  explore  these 
observations.  The  most  significant  set  of  experiments  were  defined 
to  see  if  the  conductivity  state  correlated  with  the  fracture  path 
for  a  thicker  oxide  material  that  normally  would  fracture  within  the 
interface  region.  The  details  of  the  experiments  and  possible  explana¬ 
tions  of  the  switching  mechanisms  are  given  in  Appendix  A.  The 
results  of  the  experiments  were  the  following.  When  a  thick  oxide 
interface  was  peeled  in  the  as -received  low  conductivity  state,  the 
fracture  occurred  in  the  interface.  When  the  sample  was  switched 
into  the  high  conductivity  state  the  fracture  path  was  totally  within 
the  graphite  substrate  indicating  the  interface  was  strengthened. 

When  the  composite  was  allowed  to  decay  back  to  the  low  conductivity 
ground  state  and  then  fractured  the  fracture  path  returned  to  the 
interface  region.  This  startling  result  of  switching  the  fracture 
path  by  electronic  switching  opens  up  a  new  approach  to  characterizing 
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the  interface.  A  great  deal  of  additional  effort  in  this  area  is 
being  pursued  using  a  variety  of  substrate,  oxide  and  metal  conditions. 
The  electronic  switching  phenomenon  is  being  theoretically  modeled 
based  on  analogous  semiconductor  observations  and  attempts  are  being 
made  to  relate  the  switching  behavior  to  changes  in  the  cohesive 
energy  at  the  interface.  1/ V  measurements  have  been  made  on  poly- 
crystalline  graphite  and  glassy  carbon  substrates.  The  latter  sub¬ 
strate  is  relatable  to  some  of  the  newer  graphite  fibers.  In  both 
cases  switching  has  been  observed.  Peel  tests  have  not  yet  been  com¬ 
pleted  due  to  the  surface  problems  defined  in  Appendix  C  on  carbide 
formation.  The  conductive  state  of  commercial  wires  has  also  been 
investigated.  The  thin  oxide  materials  seem  to  switch  immediately 
into  the  high  conductive  state.  Further  work  is  being  carried  out  on 
these  materials. 

B.  TEM  of  the  Aluminum  Graphite  Interface 

Thin  films  of  the  aluminum  graphite  composites  were  formed  by 
thinning  in  a  methanol  base  etching  solution  to  avoid  aqueous  disso¬ 
lution  of  the  carbides.  The  aluminum  matrix  was  6061  and  the  fibers 
were  pitch  VSB-32.  The  samples  were  thinned  in  the  as-pressed  condi¬ 
tion  and  after  several  thermal  treatments  aimed  at  forming  carbides. 

The  details  of  the  experiments  are  given  in  Appendix  B. 

As  reported  previously  the  interfaces  of  the  as-received  material 
had  MgAlgO^  or  y-A^O^  oxides  at  the  interface  as  well  as  T^.  When 
the  samples  were  aged  above  550°C  Al^C^  and  Al^O^C  were  formed  at  the 
interface.  These  we-e  the  only  carbides  and  oxycarbides  found. 


Continued  heat  treatment  promoted  the  carbide  formation  and  degraded 
the  fibers  and  the  longitudinal  strenath.  The  fracture  path  shifted 
from  weaving  within  the  oxide  and  propagated  through  the  interface  it¬ 
self  with  large  amounts  of  fiber  pullout.  It  was  not  possible  to 
improve  the  transverse  strength  of  the  pitch  fiber  materials  by  heat 
treatment  without  sumul taneously  degrading  the  longitudinal  proper¬ 
ties  . 

C.  Aluminum  Carbide  Formation  in  Aluminum/Graphite  Composites 
When  samples  are  aged  above  the  solvus  temperature  Al^C^  is 
formed  relatively  rapidly.  The  main  emphasis  of  the  work  reported 
here  is  for  Al^Cg  formation  at  temperatures  where  the  total  composite 
is  in  the  solid  state.  Within  the  solid  state  the  Al^C^  formation 
is  strongly  dependent  on  temperature,  composition  and  thickness  of 
the  composite  interface  and  crystallographic  orientation  of  the 
graphite  substrate.  The  details  of  the  study  are  given  in  Appendix  C 
It  was  found  that  the  heat  treatment  environment  played  a  major 
role  in  carbide  formation.  Diffusion  down  the  interface  seems  to  be 
the  controlling  factor.  If  the  vacuum  level  is  poor  an  oxide  is 
formed  that  inhibits  carbide  formation.  If  the  vacuum  level  is  high 
again  the  carbide  formation  is  inhibited.  At  intermediate  pressures 
in  an  oil  pumped  system  the  carbide  growth  is  maximized. 

When  the  laminate  samples  were  produced  in  polycrystalline 
graphite  substrates  Al^C^  formed  but  nucleated  selectively  leading 
to  a  larger  grain  size  as  confirmed  in  TEM.  In  single  crystal 
graphite  substrates  ( <0001 >  normal  to  the  substrate),  carbide  would 
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not  form  at  all.  It  is  suspected  that  this  same  crystalline  orienta¬ 
tion  dependence  influences  the  grain  size  and  A1 ^ growth  in  the 
commercial  composite  systems.  The  Al^C^O  did  not  show  this  prefer¬ 
ential  nucleation.  Further  studies  are  underway  on  glassy  carbon 
substrates . 

D.  Silicon  Carbide/Al uminum  Composites 

A  limited  study  of  the  Si  1 ag- Si  1 i con  carbide  discontinuous 
fiber/aluminum  matrix  composites  was  initiated.  The  main  approaches 
to  be  used  are  AES  and  TEM  to  identify  the  interface  and  fracture 
path  constituents.  A  significant  difficulty  was  the  fact  that  the 
fibers  were  about  a  micron  in  diameter  making  AES  interface  studies 
difficult  with  our  0. 5-1.0  pm  beam  SAM.  Metallographic  and  SEM  evalu¬ 
ation  of  the  material  has  been  initiated. 

III.  Discussions  and  Conclusions 

In  the  research  on  A1 uminum/Graphi te  metal  matrix  composites, 
the  interface  between  the  fiber  and  the  matrix  plays  a  major  role  in 
determining  the  transverse  strength.  In  the  commercial  materials  the 
interface  has  an  oxide  as  the  intermediate  layer  immediately  adjacent 
to  the  graphite.  The  thickness  of  the  oxide  plays  a  role  in  the 
transverse  strength.  The  model  system  results  described  in  this 
report  indicate  that  the  optimum  oxide  thickness  would  be  one  that 
allows  reasonable  electrical  conductivity  to  promote  the  bonding  at 
the  interface.  It  also  points  in  the  direction  of  an  alternative 
interface  that  is  conductive.  This  should  assist  in  strengthening 
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the  interface.  Some  of  the  newer  materials  that  are  showing  promise 
are  in  fact  increasing  the  interface  conductivity.  The  details  of 
this  bonding  mechanism  must  still  be  studied  in  detail. 

The  identification  o^  y-A^Og  and  MgA^O^  at  the  interface 
does  offer  the  possibility  of  off  stoichiometry  oxides  with  intrin¬ 
sically  higher  conductivity  to  strengthen  the  interface. 

Another  offshoot  of  the  I/V  studies  described  here  is  a  poten¬ 
tial  test  for  the  quality  of  the  wire  produced  in  these  composites. 
Samples  could  be  quantitatively  characterized  for  their  I/V  char¬ 
acter  and  the  results  correlated  with  their  transverse  and  longitu¬ 
dinal  strengths.  This  approach  has  the  potential  for  defining  the 
relative  bond  strength,  a  measurement  not  ususally  available  in  a 
probe  of  this  type. 

In  addition  to  the  efforts  described  previously,  several  aspects 
of  fracture  studies  in  the  SAM  have  been  investigated.  These  include 
topological  effects  and  beam  damage  problems.  These  are  described 
in  Appendices  D  and  E.  Appendix  F  has  a  summary  of  the  AES  carbide 
peak  shapes  from  standards  used  in  this  research. 

IV.  Summary 

The  results  of  the  research  described  in  this  annual  report  can 
be  summarized  in  terms  of  the  experimental  approaches  used  to  probe 
the  aluminum/graphite  interface.  The  materials  studied  included  the 
commercial  6061/VSB  32  composites  as  well  as  layered  model  systems  on 
single  crystal  and  polycrystall ine  graphite  substrates  and  glassy  car¬ 
bon  substrates.  The  I/V  characterization  of  the  interface  demonstrated 


that  the  oxide  within  the  interface  plays  a  major  role  in  the  inter¬ 
face  strength.  If  the  interface  was  in  a  low  conductivity  state, 
fracture  occurred  at  the  interface  weaving  through  the  oxide.  When 
the  interface  was  switched  into  an  electrically  conductive  state, 
fracture  occurred  within  the  single  crystal  graphite  substrate.  The 
interface  strength  was  directly  correctable  with  its  conductivity 
state.  AES  was  used  to  identify  the  fracture  path  and  the  chemistry 
of  the  model  laminate. 

TEM  of  the  commercial  materials  and  the  model  laminates  again 
showed  the  presence  of  y-A^O^,  MgA^O^  and  TiB^  in  the  as- prepared 
samples.  No  aluminum  carbide  was  found.  To  make  sure  the  carbide 
was  not  dissolved  during  the  thinning  a  non-aqueous  methanol  based 
etching  solution  was  used.  When  samples  were  aged  within  the  solid 
state  region,  A1 ^C3  and  Al^C^O  were  found.  Their  growth  was  strongly 
dependent  on  the  heat  treat  environment,  the  temperature,  and  the 
crystallography  of  the  graphite  relative  to  the  interface. 

In  addition  to  the  interface  characterization  some  of  the  AES 
measurement  problems  are  discussed  including  beam  damage  and  angular 
dependence.  The  spectra  of  many  carbides  are  also  included  in  the 
report. 
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Introduction 

Threshold  switching  has  been  observed  in  many  different  semicon¬ 
ductor  systems.  It  is  described  as  an  abrupt  change  in  resistivity  of 
the  specimen  when  subjected  to  sufficiently  high  electric  fields^; 
that  is,  when  the  voltage  is  increased  above  a  certain  threshold, 
the  resistivity  abruptly  decreases,  and  will  remain  in  the  low  resis¬ 
tivity  state  for  some  time,  see  Fig.  1. 


Figure  1.  General  characteristics  of  threshold  switching 


A  great  deal  of  research  has  been  aimed  at  explaining  the  basic 
characteristics  of  the  switching  phenomenon,  especially  in  amorphous 
semiconductors.  This  research  is  concerned  mainly  with  the  understanding 
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of  the  initiation  of  the  on-state  (off-on  transition)  and  the  steady- 

state  on-state.  In  general,  several  mechanisms  have  been  proposed  to 

2 

explain  the  process  by  which  threshold  switching  occurs. 

3 

It  has  been  observed  that  the  thickness  of  the  oxide  films  between 
aluminum  and  graphite  has  an  important  influence  on  the  interface  bonding 
strength.  When  the  oxide  films  are  thin,  the  interface  is  more  cohesive 
and  strongly  bonded  with  the  graphite.  This  produces  a  fracture  path 
through  the  graphite  single  crystal  substrate.  As  the  oxide  thickness  is 
increased  the  interface  bonding  strength  is  decreased  drastically  and  the 
fracture  path  is  through  the  interface. 

The  purpose  of  this  paper  is  to  report  the  threshold  switching 
characteristics  of  the  al umi num/Al-oxi de/graph i te  system,  and  to  study 
its  interaction  with  the  mechanical  strength  of  the  oxide-graphite  inter¬ 
face.  With  the  aid  of  Auger  electron  spectroscopy  (AES)  it  was  determined 
that  the  fracture  path  through  the  oxide  sandwiched  aluminum-graphite 
interface  can  be  altered  from  fracture  within  the  interface  to  fracture 
in  the  substrate  by  applying  a  voltage  above  the  threshold  voltage. 


Background 

The  type  of  mechanism  by  which  threshold  switching  occurs,  has,  for 
a  long  time,  been  a  topic  of  controversy.  The  debate  has  been  whether 
the  mechanism  for  the  phenomenon  is  thermally  activated  or  electronically 
activated.  The  basic  argument  proposed  by  the  thermal  models  is  that 
when  sufficient  voltage  is  applied  there  is  simple  Joule-heating  which 
causes  instability  and  a  thermal  avalanche,  a  cascading  effect  which 

! 
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releases  carriers  into  the  conduction  band  ,  producing  the  drop  in 
resistance. 

The  electronic  models  propose  several  mechanisms.  In  general 
they  are: 

1)  Double- injection  and  trap-limited  space  charge  saturation  occur 

when  carriers  are  injected  at  the  electrodes  and  these  carriers  are 

used  to  fill  traps,  shifting  the  Fermi  level  into  the  conduction  or 

valence  band.  Additional  carriers  move  through  without  impedance 

4 

producing  the  switching  transition. 

2)  Recombinative  injection  which  is  a  minority-carrier,  space  charge 
injection  that  produces  an  injected  region  of  near-zero  net  local  recom¬ 
bination.  This  process  is  reported  to  cause  switching  in  amorphous 

5 

semiconductors . 

6)  Impact  ionization,  which  is  a  mechanism  where  carriers  which  are 

accelerated  by  the  electric  field  cause  ionization  that  in  turn  releases 

2 

more  carriers  for  energy  transport. 

Experimental  evidence  tends  to  indicate  that  the  initiation  of 
switching  in  certain  systems  may  be  electronically  activated.6  This  is 
based  on  the  fact  that  switching  has  been  observed  by  using  subnanosecond 
pulses,  which  does  not  allow  enough  time  for  heating.  This,  of  course, 
does  not  eliminate  the  possibility  of  thermally  sustained  on-state.  In 
fact  the  presence  of  a  crystallized  central  filament  in  amorphous  semi¬ 
conductors,  indicates  that  thermal  processes  are  indeed  occurring.  Based 
on  these  arguments  we  can  say  that  neither  electronic  mechanisms  nor 
therma1  mechanisms  can  safely  be  neglected  in  threshold  switching. 
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One  of  the  characteristics  of  threshold  switching  is  that  once  the 
device  has  been  set  into  the  low  resistance  state,  it  may  become  stable 
and  remain  stable  after  the  voltage  has  been  removed  for  a  relatively 
long  time.  This  is  known  as  memory  behavior.  The  memory  state  in  general 
is  associated  with  structural  rearrangement.  The  amount  of  time  that  the 
sample  stays  in  the  low  resistance  state  depends  on  the  specific  type  of 
system  and  it  is  strongly  dependent  on  the  temperature.  As  the  tempera¬ 
ture  is  decreased  the  memory  time  is  increased. 

In  amorphous  semiconductors  the  memory  effects  are  attributed  to  the 
formation  of  a  filament.  This  filament  consists  of  a  path  of  molten  and 
recrystallized  material  formed  a  few  seconds  after  the  application  of  the 
voltage.7  If  the  voltage  across  the  device  is  turned  off  after  the  forma¬ 
tion  of  the  path,  it  can  be  seen  that  some  of  the  path  has  melted  and 
returned  to  the  glassy  state  and  that  some  of  the  path  shows  devitrifica¬ 
tion.  This  path  can  just  as  easily  be  produced  through  the  bulk  of  the 
sample  rather  than  along  the  surface. 

It  should  be  pointed  out  that  thermal  theories  predict  filament 
temperatures  of  several  hundred  degrees  approximating  the  glass  transi¬ 
tion  temperature  in  chalcogenide  alloys  used  for  threshold  switching  which 
range  from  150  -  300°C.  These  excessively  high  temperatures  should  cause 

Q 

a  great  deal  of  instability.  However,  as  pointed  out  by  C.  Popescu  , 
the  glass  transition  temperatures  are  experimentally  determined  for  homo¬ 
geneous  bulk  systems.  Thermal  models  assume  a  filament  with  a  large  sur¬ 
face  to  volume  r  tio.  This  condition  can  act  in  such  a  way  as  to  inhibit 
the  glass  transition  therefore  suppressing  the  instability.  This  argu¬ 
ment  agrees  with  the  good  stability  observed  on  threshold  switches  (more 
14 

than  10  operations  under  pulse  conditions). 
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Another  important  feature  of  switching  is  the  requirement  of  a 

forming  voltage.  This  forming  effect  consists  of  a  dramatic  reduction 

of  the  threshold  voltage  (to  a  constant  value)  after  the  iirst  switching 

event  has  occurred.  This  phenomenon  is  generally  not  associated  with 

g 

the  switching  process  but  rather  with  the  contact  at  the  probes,  and 
it  can  be  minimized  by  usifcf.  *  ;ciently  clean  conditions. 

Other  important  -.sracteristics  of  threshold  switching  are: 

1)  The  off-current  deper  v  ongly  on  temperature. 

2)  The  off-current  ii.  non-onmic. 

3)  The  threshold  voltaq?'  necessary  for  switching  decreases  with  the 
increase  in  temperature,  but  stays  constant  below  '-200°K. 

4)  The  threshold  voltage  is  proportional  to  the  film  thickness. 

5)  While  the  off-state  characteristics  depend  on  the  electrodes  area, 
the  on-state  is  independent  of  the  threshold  voltage. 

Experiments  with  Layered  Al/Al?(h/Graphite  Composites 

In  the  experiments  reported  in  this  paper  the  interaction  between 
threshold  switching  and  the  mechanical  strength  of  the  aluminum/Al -oxide/ 
graphite  interface  was  studied.  Using  samples  of  a  sandwiched  aluminum 
oxide  between  pure  aluminum  and  graphite,  a  voltage  was  applied  as  described 
in  Fig.  2. 


Single  Crystal  Graphite^ 


Al*  =  Al-metal 

Al"  =  Al-oxide  j 
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The  sample  was  made  to  switch  from  the  high  resistivity  state  to 
the  low  resistivity  state  and  as  it  became  stable  in  each  state  it  was 
fractured  using  a  peel  geometry.  Auger  electron  spectroscopy  of  the 
fracture  path  was  then  performed  to  correlate  the  cohesive  strength  of 
the  interface  with  the  resistivity  state  that  the  sample  is  in  at  the 
moment  of  fracture. 

Experimental  Procedure 

Natural  graphite  crystals  dissolved  from  Ticonderoga  marble  were 
selected  to  obtain  single  crystalline  material.  These  crystals  naturally 
form  a  flake  shape  of  graphite  with  the  basal  planes  parallel  to  the  sur¬ 
face  of  the  crystals.  The  aluminum/Al- oxide/graphite  samples  were  pre¬ 
pared  by  vacuum  evaporation  in  a  two  step  process.  In  the  first  step 

-4 

the  graphite  crystals  were  properly  masked  and  a  low  vacuum,  -2x10  torr 
_  o 

(3x10  Pa)  aluminum  oxide  deposition  was  performed  at  a  slow  deposition 
rate.  Following  the  oxide  deposition  a  high  vacuum  deposition,  -10  ^  torr 
(10~4  Pa)  of  commercially  pure  aluminum  was  done  at  a  high  deposition 
rate,  to  produce  the  top  aluminum  layer  as  shown  in  Fig.  3. 


300  to  500 


m 


All 


7TF 


El 


Single  Crystal  Graphite 


High  Vacuum  Deposition 
-10~6  torr 

Low  Vacuum  Deposition 
2xl0-4  torr 


Al*  =  A1 -metal 
Al°  =  Al-oxide 
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Differential  argon  ion  sputtering  combined  with  AES  showed  that 

o 

the  Al- oxide  layer  was  approximately  300  -  500  A  thick. 

A  voltage  was  applied  across  the  interface,  in  one  of  the  dots,  and 
the  I-V  curve  measurements  were  made  with  a  curve  tracer.  A  character¬ 
istic  curve  is  shown  in  Fig.  4.  After  this  dot  switched  from  a  high 
resistivity  state  to  a  low  resistivity  state  it  was  fractured  by  peeling 
while  it  was  still  in  the  low  resistivity  state.  The  graphite  substrate 
was  held  in  place  by  a  vacuum.  Then  by  placing  a  quick  drying  glue  at 
the  tip  of  a  probe,  which  was  fully  aligned  with  the  aid  of  a  microscope, 
the  center  portion  of  the  aluminum  dot  was  peeled  away  from  the  crystal 
by  lifting  the  probe  after  the  glue  dried. 

The  second  dot  was  fractured  under  the  same  loading  conditions,  but 
while  still  at  the  high  resistivity  state. 

On  a  second  set  of  samples,  a  voltage  was  applied  and  the  samples 
switched  to  the  low  resistivity  state,  but  sufficient  time  was  allowed 
for  the  sample  to  return  to  the  high  resistivity  state.  The  I-V  charac¬ 
teristics  are  shown  in  Fig.  5.  Then  the  samples  were  fractured  using 
the  same  loading  procedures. 

All  of  the  samples  were  analyzed  using  Auger  electron  spectroscopy 
in  order  to  determine  the  fracture  path  associated  with  the  different 
resistivity  states  of  each  sample.  Both  sides  of  the  fracture  surface 
were  chemically  analyzed. 

Experimental  Results 

In  the  samples  in  the  low  resistivity  state,  the  Auger  spectra 
showed  that  the  fracture  path  was  clearly  through  the  graphite  (Fig.  6). 
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F inure  4(a) 

High  resistivity  state  in  Al/AI-oxide/graphi  te  system 

Scale  Horizontal:  0.2  volts/div 
Vertical:  0.2  mA/div 
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Figure  4(b) 

Low  resistivity  state  in  A1  ,/Al-oxide/graphi  te  system 

Scale:  Horizontal:  0.2  volts/div 
Vertical:  0.2  mA/div 


Figure  5(a) 

Second  set  V/I  characteristics ,  low  resistivity  state 


Scale:  Horizontal:  0.2  volts/div 
Vertical :  0.2  mA/di v 


Figure  5(b) 

Second  set  after  sufficient  time  to  allow  the  return  to 
the  high  resistivity  state 

Scale:  Horizontal:  0.2  volts/div 
Vertical :  0.2  mA/div 
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Aluminum  Metal 


Aluminum  Oxide 


Y  Graphite 


*typica  i 
fracture 
path 


Figure  6 

Fracture  path  of  samples  fracture  in  the  low  resistivity  state 


In  the  samples  fractured  at  the  high  resistivity  state,  the  fracture  path 
weaved  through  the  Al-oxide  layer  near  the  graphite  interface  'Fig.  7). 


Aluminum  Metal 


Aluminum  Oxide 


_ ./ 


/  typical 
fracture  path 


' '////,  Graph i  te  W//KVW// ■,//.■ //A 

Figure  7 

Fracture  path  of  samples  fracture  in  the  high  resistivity  state 


The  samples  which  were  switched  to  the  low  resistivity  state,  but  which 
were  given  sufficient  time  to  return  to  the  high  resistivity  state  showed 
a  similar  kind  of  fracture  path  to  the  unswitched  samples.  The  fracture 
path  weaved  through  the  aluminum  oxide  near  the  graphite  interface  (Fig.  8). 

Aluminum  Metal 


Aluminum  Oxide 


_ /  typical 

fracture  path 


Figure  8 

Fracture  path  of  samples  switched  to  the  low  resis ti vity  state 
fractured  after  returning  to  the  high  resistivity  state 
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The  corresponding  Auger  spectra  are  shown  below: 


Figure  9 

Auger  spectrum  of  samples  fractured  in  the  low  resistivity  state 


Figure  10 

Auger  spectrum  of  samples  fractured  in  the  high  resistivity  state 
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Discussion 

From  the  results  presented  in  Figures  6,  7  and  8,  it  is  evident  that 
'-.he  strength  of  the  interface  on  the  aluminum/Al-oxi de/graphite  system 
can  be  varied  by  applying  a  voltage  above  the  threshold  voltage  of  the 
sample.  The  major  unanswered  question  originates  from  the  results  of 
these  experiments.  What  causes  the  strength  of  the  interface  on  the 
aluminum/Al-oxi de/graphite  function  system  to  be  higher  when  it  is  in 
a  high  conductivity  state? 

A  possible  answer  to  this  question  could  be  based  on  a  change  in 
phase  of  the  Al-oxide  layer. ^  The  Aluminum-oxide  layer  has  been  shown 
to  be  a  y-oxide,11  which  is  a  poor  conductor.  The  phase  change  could 
be  directed  towards  a  disordered  structure,  which  may  come  from  partial 
melting  and  resolidifying  of  the  oxide  at  a  sufficiently  high  rate  that 
an  amorphous  phase  is  retained.  This  hypothesis  is  consistent  with  both 
the  increase  in  conductivity  of  the  system  and  with  the  increase  in 
strength  of  the  function. 

It  is  likely  that  this  change  in  phase  would  not  extend  through  the 
whole  oxide  layer,  but  it  would  have  to  cover  enough  volume,  so  that  it 
would  make  an  appreciable  difference  in  the  cohesive  strength  of  the 
interface. 

One  possible  way  of  experimentally  confirming  this  speculation,  is 
to  maximize  the  memory  time  by  optimizing  the  thickness  of  the  oxide 
layer,  and  then  after  the  sample  has  been  fractured,  take  a  transmission 
electron  microscope  diffraction  pattern  to  obtain  the  structural  arrange¬ 
ment  at  the  high  conductivity  state.  The  result  would  strongly  depend 
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on  the  volume  fraction  of  the  transformed  phase  and  on  long  term 
s  tab  i  1  i  ty . 

Summary 

The  following  are  the  important  points  reported  in  this  paper: 

1)  Two  different  conducting  states  are  present  in  the  aluminum/ 
aluminum  oxide/graphite  layered  system. 

2)  The  sandwiched  alumi num- oxide  layer  seems  to  control  the  switching 
phenomenon  in  the  aluminum/graphite  system. 

3)  The  strength  of  the  interface  of  this  system  can  be  increased  by 
applying  a  voltage  above  the  threshold  voltage  of  each  sample. 

4)  The  increase  in  the  interface  strength  associated  with  the  high 
conductivity  state  could  be  explained  on  the  basis  of  a  structural  rear¬ 
rangement. 

5)  A  more  detailed  study  of  the  I-V  characteristics  associated  with  the 
mechanical  stability  of  the  system  is  necessary  to  gain  more  understanding 
of  their  correlation. 
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APPENDIX  B 


Interface  Structure  of  Heat-Treated 
Aluminum  Graphite  Fiber  Composites 


James  Lo,  Michael  Schmerling  and  H.L.  Marcus 
Mechanical  Engineering  Department 
Materials  Science  and  Engineering 
The  University  of  Texas 
Austin,  Texas  78712 


I .  Introduction 

Aluminum  and  aluminum  alloy  metal  matrices  in  graphite  fiber 
reinforced  composites  are  promising  systems  for  structural  applica¬ 
tions.  A  major  problem  is  the  poor  transverse  tensile  strength  in 

1  p 

contrast  to  the  high  longitudinal  tensile  strength.  Recent  studies  ’ 
indicate  that  there  is  a  close  relationship  between  interface  composi¬ 
tion  and  morphology  and  mechanical  behavior.  The  transverse  tensile 

strength  of  the  al umin urn- graph i te  fiber  composite  was  improved  slightly 

3 

where  the  aging  temperature  was  raised  above  500°C.  Meanwhile,  longi- 

3  4 

tudinal  tensile  strength  decreased  noticeably.  ’ 

The  specimens  in  this  study  include  G4371  and  G4411,*  both  of 
which  have  A 1  - 60 6 1  as  metal  matrix  and  VSB-32  pitch  fibers.  They  were 

_  o  _  o 

either  encapsulated  in  various  vacuum  conditions  10”  -  10  torr 

(10  ^  -  10  ^  Pa)  and  heated  to  400°C  -  640°C  or  heated  to  the  same 
temperatures  without  encapsulation,  then  naturally  aged.  The  heat- 
treated  specimens  show  the  results  of  changes  in  the  interface  regions. 

^Supplied  by  the  Aerospace  Corporation. 
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Compounds  at  the  interface  that  are  crystalline  were  analyzed  by  using 
the  selected  area  diffraction  (SAD)  technique  in  the  transmission  elec¬ 
tron  microscope  (TEM).  Crystallographic  information  about  the  interface 
reaction  zone  was  obtained  by  examining  the  diffraction  patterns  from 
sections  of  the  interface. 

II .  Experiments 

The  best  way  to  get  separate  fibers  from  al umi num- graphite  fiber 
composites  without  loss  of  major  interface  compounds  is  by  using  an 
etching  solution  which  is  prepared  by  dissolving  3  grams  of  NaOH  or 
KOH  in  100  ml  of  high  purity  methanol  (containing  0.03'  water)  with 
frequent  stirring.  High  purity  methanol  is  used  instead  of  water  as 
solvent  for  preparing  the  alkali  etching  solution  to  avoid  dissolution 

5 

of  aluminum  carbide  in  water.  As  a  test,  pure  aluminum  carbide  pow¬ 
ders  were  immersed  for  five  hours  in  the  etching  solution  without 
indication  of  dissolution.  The  p.  tiers  were  washed  by  high  purity 
methanol  and  dried  completely  at  about  60°C.  Only  the  spectrum  of 
aluminum  carbide  appeared  when  the  powder  was  examined  by  x-ray  dif¬ 
fraction.  At  the  present  time,  this  solution  is  the  only  one  that  has 
proved  to  be  effective  for  preserving  the  Al ^C^  and  Al^O^C  in  the 
aluminum-graphi te  fiber  composites. 

A  JEOL  150  kV  TEM  was  used  in  the  SAD  studies.  Interface  regions 
still  attached  to  separate  fibers  were  examined  with  applied  voltages 

O 

of  100  kV  and  150  kV.  The  camera  constants  are  17.8  ±0.3  mm  A  and 

O 

13.7  ±0.2  run  A  respectively. 
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III.  Results  and  Discussion 

Y-A1203  or  MgA1204  spinel  and  Ti were  observed  in  the  interface 
regions  of  non-heat- treated  specimens^  as  well  as  in  the  aged  specimens. 
Smaller  amounts  of  Ti B 2  phase  were  found  when  the  specimens  were  aged 

above  550°C.  This  was  partly  caused  by  displacement  of  the  Ti-B  layer 

? 

away  from  the  fiber  into  the  matrix  and  partly  by  dissolution  of  TiB2 
into  the  metal  matrix  during  carbide  formation.  The  specimens  aged 
above  550°C  showed  aluminum  carbide  (Al^C-j)  and  aluminum  oxycarbide 
(Al^O^C)  existing  in  the  interface.  Their  diffraction  patterns  are 
shown  in  Fig.  1  and  2.  Carbide  formation  seems  to  occur  preferential ly 
on  specific  orientations  of  the  basal  plane  of  the  graphite  with 
respect  to  the  interface.  Some  orientations  make  nucleation  of  the 
carbide  difficult  and  restrict  their  growth  such  that  coarse  grains 
form.  The  spotty  nature  of  the  Al^C-j  diffraction  pattern  is  due  to 
the  large  grains.  There  seems  to  be  no  restriction  on  the  Al^O^C 
nucleation  and  growth  since  it  forms  fine  random  oriented  grains  for 
specimens  aged  as  high  as  640°C  as  indicated  by  the  continuous  diffrac¬ 
tion  pattern  in  Fig.  2. 

The  higher  the  aging  temperature,  the  more  severe  the  interface 
reaction,  and  the  greater  the  grain  growth.  Fig.  3.  The  interface 
region  serves  as  diffusion  path  for  carbon  resulting  in  carbide  forma¬ 
tion  with  fiber  surface  pitting  evident.  This  pitting  phenomena  can 
cause  premature  longitudinal  failure  in  the  fibers  due  to  the  local 
stress  concentration.  In  the  aged  specimen,  fibers  are  often  pulled 
out  of  the  fracture  surface  during  the  tensile  testing.  No  interface 
compounds  were  found  attached  to  graphite  fibers  pulled  out  directly 
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from  the  specimens  aged  at  temperatures  above  550°C.  This  lack  of 
interface  material  indicates  that  the  fracture  path  was  within  the 
interface  or  in  the  degraded  graphite  fibers. 

IV.  Conclusions 

1.  Heat  treatment  allows  carbide  formation  and  degradation  of  graphite 
fibers  to  take  place  simultaneously. 

2.  The  fracture  path  shifts  from  in  the  oxide  layer  to  either  the 
fiber  interface  or  within  the  fiber  itself  with  increased  heat 
treatment. 

3.  Formation  of  aluminum  carbide  at  aging  temperatures  above  550rC 
was  observed  with  the  only  aluminum  carbide  phase  observed  being 
Al^C^.  Very  coarse  grains  of  Al^  imply  preferred  orientations 
of  carbide  formation  due  to  the  anisotropici ty  of  graphite. 

4.  Al^C  is  the  only  aluminum  oxycarbide  phase  observed  at  the 
interface  of  aluminum  graphite  fiber  composites.  It  forms  a  fine 
grain  distribution  at  all  aging  temperatures. 
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figure  I 

Selected  area  diffraction  pattern  of  AT 4C3  from  ‘he  interface  of 
G4371  heat  treated  above  r-50 ' C . 


Fi gure  2 

Selected  area  diffraction  pattern  ot  Al.G.C  from  the  interface  of 
G4371  heat  treated  aoovr  r' •'  1  f  . 
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Figure  3 


Scanning  electron  micrographs  of  the  interface  regions  of  64371  heat 
treated  at  increasing  temperatures,  (a)  Non-heat  treated,  (b)  550°C 
at  ~5xl0*'torr  for  1  day.  (c)  640°C  at  ~"5xl0“ y  torr  for  1  day. 
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Aluminum  Carbide  Formation  In 
The  Graphite/Aluminum  System 

Duane  Finello  and  H.L.  Marcus 
Materials  Science  and  Engineering  Program 
The  University  of  Texas 
Austin,  Texas  78712 

This  appendix  deals  primarily  with  the  study  of  solid  state 
aluminum  carbide  (Al^C^)  formation  in  Gr/Al  composites.  For  tempera¬ 
tures  above  the  solidus  temperature  of  the  aluminum  alloy  matrix, 
the  Al^Cj  reaction  rate  proceeds  quickly  in  a  manner  which  is  severely 
detrimental  to  the  graphite  fibers.  This  is  one  reason  why  diffusion 
bonding  parameters  have  a  critical  influence  upon  the  maximum  strength 
of  comnercial  composite  material.1  Within  the  solid  state,  at  elevated 
temperatures  below  the  matrix  solidus  point,  the  Al^C^  reaction  rate 
depends  heavily  upon  the  environment  of  the  specimen  during  thermal 
exposure,  composition  and  thickness  of  the  composite  interface,  and  the 
graphite  crystal  orientation. 

For  the  model  systems  in  this  study  single  crystal  grai)hite, 
polycrystalline  graphite,  or  glassy  carbon  substrate  serves  as  one  of  the 
components  of  the  Gr/Al  system,  while  vacuum  deposited  thin  films  of 
alumina  and  aluminum  comprise  the  remainder  of  the  thin  layer  composite. 
For  thermal  treatment,  accurate  temperature  control  was  used  to  avoid 
reaching  the  melting  temperatures.  The  solidus  for  the  6061  A1  alloy 
is  584°C  and  pure  A1  metal  melts  at  660°C. 
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For  proper  temperature  regulation,  tnennocouples  were  put  in 
direct  contact  with  the  specimens  being  heat,  treated  in  both  the  rough 
vacuum  environment  in  a  mechanically  rough- pumped  furnace  tut e  and  in 
an  insulated  electric  heater  in  a  diffusion  pumped  bell  ^ar  v i th  a 
vacuum  of  2x10  ^  torr  (2.66x10  ^  mPa).  A  high  vacuum  ior.-purped 
system  facilitated  encapsulation  of  some  specimens  in  an  inert  environ¬ 
ment  of  10  ^  torr  (1.33x10  ^  mPa)  pressure  using  either  vyccr  or  quartz 
glass  envelopes  for  an  alternative  form  of  heat  treatment. 

Commercial  aluminum  graphite  composites  and  thin  layer  composites 
were  subjected  to  various  kinds  of  heat  treatment.  Gas  chromatography 
and  Auger  electron  spectroscopy  (AES)  in  conjunction  with  inert  ion 
sputtering  were  used  in  this  investigation  to  gain  information  regaroin 
the  extent  of  A1^C3  formation  in  the  heat  treated  compos  tes . 

As  mentioned  before,  the  external  environmental  influence  upon 
A1 4C3  formation  must  not  be  overlooked.  It  certainly  matter:,  whether 
specimens  are  heat  treated  ir,  an  inert,  encapsulated  environment,  a 
vacuum  oil -pumped  reducing  environment,  or  an  oxidizing  environment. 

The  bulk  Al^C,  chemical  analysis  shown  in  Table  1  demonstrates  that 
formation  of  A 1 ^  is  controlled  by  the  mixture  of  gases  which  the 
Gr/Al  composite  m  terial  is  exposed  to  during  heat  treatment  within  the 
solid  state.  The  primary  cause  of  this  effect  is  diffusion  down  the 
fiber  matrix  interface  during  the  heat  treatment.  The  kinetic'  of 
formation  is  shown  in  Table  2.  Extensive  heat  treatment  at  550°C 
in  either  the  encapsulated  "high  vacuum"  condition  or  in  an  air  furnace 
results  in  little  or  no  Al^C^  formation.  This  is  apparently  due  to  a 
lack  of  available  hydrogen  and  active  hydrocarbons  in  the  encapsulated 
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high  vacuum  condition,  and  an  excess  of  oxygen  ind  water  vapor  which 
makes  the  alternative  oxidation  reactions  at  the  interface  dcminate 
in  the  air  furnace  condition.  However,  solid  state  heat  treatment 
in  oil-pumped  rough  vacuum  systems  promotes  Al^C-j  formation  at  the 
interface. 

AES  data  reveals  that  internal  Al^  formation  was  induced  in 
many  polycrystall i ne  Gr/Al  thin  layer  composites  heat  treated  in  the 
solid  state  regime  in  a  diffusion  pumped  bell  jar  vacuum  system.  For 
example,  results  shown  in  Fig.  l(a-e)  represent  a  550°C,  one  hour 
heat  treatment  of  a  polycrystalline  Gr/Al  thin  layer  composite  with 
no  interfacial  oxide  deposited.  The  presence  of  Al^C^  is  clearly 
indicated  by  Fig.  1(d).  Fig.  1  includes  the  measured  dep:h  profile 
following  heat  treatment  (a),  along  with  important  corresponding 
spectra  (b-e)  which  show  details  of  native  oxide,  A1  metal,  A1 ^C3 , 
and  the  graphite  substrate.  However,  interpretation  of  the  data  in 
terms  of  layer  thickness  is  not  straightforward  since  the  measured 
profile  transitions  between  metal,  carbide  and  graphite  are  not  step¬ 
like  or  well-defined.  This  is  attributed  to  the  nonuniform  metallo- 
graphic  polishing  characteristics  of  polycrystalline  graphite  as  a 
substrate  material  and  the  resulting  need  to  deposit  thick  overlayers 
to  prevent  a  large  percentage  of  the  total  film  surface  from  being 
converted  completely  to  Al^C^  before  heat  treatment  has  been  completed. 

A  non-uniform  adsorption  problem  is  characteristic  of  ordinary 
polycrystalline  graphite.  Film  quality  becomes  intolerably  poor  with 
deposited  film  thicknesses  within  the  submicron  range.  Practically 
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complete  conversion  of  a  submicron  AT  film  to  Al^C^  resulted  from  a 
550°C,  half-hour  bell  jar  type  vacuum  heat  treatment  of  a  polycrystal¬ 
line  Gr/Al  thin  layer  composite  having  no  interfacial  oxide  deposited 
[see  Fig.  2(a-d)].  Notice  that  there  is  an  obvious  presence  of  the 
carbide  along  the  composite  surface  in  the  initial  heat  treated  state 
judging  from  Fig.  2(b).  The  composite  had  evidently  reacted  completely 
during  thermal  treatment  since  no  A1  metal  overlayer  remained.  It 
would  be  incorrect  to  deduce  that  the  Al^C^  reaction  zone  extends  as 
a  dispersion  into  the  bulk  substrate.  The  data  actually  suggest  quite 
the  contrary. 

Since  polycrystalline  graphite  was  used  as  the  substrate,  it  is 
doubtless  that  microscopic  nucleation  irregularities  and  non-uniform 
layer  growth  occurred  during  deposition.  Suppose,  for  simplicity, 
that  sputter  removal  of  surface  atoms  followed  a  laye'r-by- layer  mech¬ 
anism.  Then  depth  profiling  would  have  some  subtle  complications. 

Any  microscopic  defects  which  were  once  unfavorable  for  nucleation 
during  deposition  would  be  first  to  become  exposed  during  sputter¬ 
etching.  Therefore,  one  might  often  expect  to  see  carbide  and  graphite 
peaks  superimposed  [as  in  Fig.  2(c)]  and  sluggish  transitions  in  depth 
profiles,  such  as  those  apparent  in  Figs.  1(a)  and  2(a),  due  to  unavoid¬ 
able  contributions  obtained  simultaneously  from  reaction  layer  and 
polycrystalline  graphite  substrate. 

Fig.  3(a-e)  indicates  that  an  encapsulated  high  vacuum  heat 
treatment  does  not  promote  Al^C^  formation  like  a  similar  bell  jar 
type  vacuum  heat  treatment  does.  Fig.  1(d)  with  Fig.  3( d  ,  s oectra 
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taken  when  the  C/Al  signal  ratio  was  3:2  for  each  of  the  sputtering 
profiles  [Figs.  1(a)  and  3(a)],  each  show  carbon  and  aluminum  peaks 
with  approximately  the  same  peak-to-peak  height.  Yet  the  spectrum 
representing  the  encapsulated  high  vacuum  thermal  exposure  also  of 
550°C  for  a  one-hour  duration  [Fig.  3(d)]  shows  that  the  carbon  and 
aluminum  have  not  reacted  to  form  aluminum  carbide.  Neither  composite 
specimen  heat  treated  had  an  intermediate  oxide  layer  present  to 
retard  the  reaction  rate.  Both  specimens  had  polycrystall ine  graphite 
substrates  with  pure  aluminum  overlayers.  However,  the  extent  of 
Al^  formation  was  clearly  different  for  each,  and  the  difference 
was  somehow  related  to  the  diffusion  pumped  vacuum  environment  of  the 
bell  jar  system. 

A  poly crystal  line  Gr/Al  composite  with  a  100  nm  thick  interfacial 
aluminum  oxide  layer  was  heat  treated  in  the  bell  jar  vacuum  system, 
again  using  550°C  temperature  for  a  one  hour  period.  The  results 
[see  Fig.  4(a)  through  (d)]  show  that  Al^C^  still  forms  despite  the 
presence  of  the  oxide  barrier,  yet  the  complexities  of  the  analysis 
prevent  one  from  readily  understanding  the  kinetics  of  this  experiment. 
The  spectra  of  Fig.  4  suggest  that  Al^C^  is  distributed  throughout  the 
composite,  even  within  the  oxide  itself,  but  this  is  quite  misleading. 
It  is  only  an  artificial  effect  introduced  by  use  of  polycrystalline 
graphite  substrates.  Heat  treatments  with  commercial  Gr/Al  composites 
show  that  matrix  sputtering  profiles  of  in  situ  fractured  material 
indicate  that  Al^Cj  forms  between  the  magnesium  aluminum  oxide  layer 
and  the  6061  aluminum  alloy  matrix  (see  Fig.  5). 
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Use  of  carbon  substrate  material  of  better  quality  than  ordinary 
polycrystalline  graphite  would  facilitate  a  simplified  kinetic  experi¬ 
mental  analysis  .  Natural  single  crystal  graphite  basal  plane  surfaces 
are  of  high  quality.  But  graphite  basal  plane  surface  reactivity 
with  aluminum  appears  to  be  very  low.  After  the  standard  550°C,  one 
hour  heat  treatment  in  the  bell  jar  vacuum  system,  any  amount  of 
Al^C^  formed  was  undetectable  [see  Fig.  6  (a)  through  (f)]. 

Glassy  carbon  is  by  far  the  most  promising  substrate  material  for 
Gr/Al  kinetic  analysis.  Glassy  carbon  can  be  uniformly  polished  and 
it  has  the  ability  to  react  with  aluminum  in  the  solid  state  at  a  con¬ 
venient  rate.  Experiments  still  in  progress  are  directed  towards 
optimization  of  the  multilayer  configuration  (see  Fig.  7)  and  applica¬ 
tion  of  a  set  of  heat  treatments  which  avoid  complete  conversion  of 
the  A1  metal  overlayer  to  Al^C-j-  It  has  been  found  that  with  an 
interfacial  oxide  thickness  of  20  nm  between  a  polished  glassy  carbon 
substrate  and  a  50  nm  thick  A1  overlayer,  only  about  twenty  minutes 
elapsed  before  550°C  heat  treatment  in  the  bell  jar  vacuum  s>stem 
resulted  in  complete  A1 ^C3  formation  throughout  the  film.  Further 
experiments  with  glassy  carbon/aluminum  composites  having  a  variety 
of  interfacial  oxide  thicknesses  should  lead  to  a  better  knowledge  of 
the  kinetics  of  the  Gr/Al  system. 

In  summary,  Al^Cj  formation  in  the  Gr/Al  composite  system  in  the 
solid  state  is  greatly  influenced  by  the  gaseous  environment  during 
heat  treatment  and  by  graphite  crystalline  orientation.  Use  of 
glassy  carbon  substrates  is  required  to  gain  more  knowledge  concerning 
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the  effect  of  interfacial  oxide  thickness  upon  Al^C^  reaction  rate 
as  well  as  to  provide  additional  confirmation  for  the  belief  that 
carbon  atoms  migrate  through  the  interfacial  oxide  to  combine  with 
aluminum  atoms  and  form  Al^C^  which  does  not  become  dispersed  into 
the  bulk  of  the  aluminum. 
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THICKNESS  SPUTTERED  (MICRONS) 


THICKNESS  SPUTTERED  (MICRONS) 
(continued) 


FIGURE  1(a) 

Sputtering  profile  of  polycrystalline  graphite/aluminum  thin  layer 
composite  aged  1  hr  at  550°C. 


FIGURE  l(b-e) 

Corresponding  Auger  spectra  for  aged  polycrystalline  Gr/Al  at  four 
stages  of  sputtering,  showing  surface  oxide  (b),  pure  aluminum 
metal  (c),  aluminum  carbide  (d)  and  graphite  substrate  (e). 
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FIGURE  2(a) 

Sputtering  profile  of  polycrystalline  Gr/Al  thin 
layer  composite  aged  1  hr  at  550°C.  The  heat 
treatment  resulted  in  complete  conversion  of  the 
submicron  aluminum  metal  film  to  aluminum  carbide. 
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FIGURE  2(b-d) 

Corresponding  Auger  spectra  at  three  stages  of  sputtering, 
showing  surface  oxide  and  carbide  (b),  mixture  of  aluminum 
carbide  and  graphite  (c)  and  graphite  substrate  (d). 
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FIGURE  3(a) 

Sputtering  profile  of  polycrystall ine  Gr/Al  thin  layer  composite 
subjected  to  encapsulated  high  vacuum  aging  for  1  hr  at  55Q°C. 
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FIGURE  4(b-d) 

Corresponding  Auger  spectra  at  three  stages  of  sputtering 
with  a1  minum  carbide  signal  contributing  to  the  total  si 
before  vt),  during  (c),  and  after  (d)  the  intermediate 
oxide  layer  signal  has  reached  its  maximum. 


G4411  Pitch  Gr/6061  Al 


FIGURE  5 

Schematic  sputtering  profile  of  aged  commercial  Gr/Al  composite 
material  fractured  in  situ  and  sputtered  into  the  matrix. 
Aluminum  carbide  was  found  between  the  interfacial  oxide  and 
the  bulk  matrix,  which  suggests  that  carbon  atoms  diffuse  from 
the  graphite  fiber  through  the  oxide  layer  in  order  tc  react 
with  aluminum  atoms  and  form  Al^. 
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THICKNESS  SPUTTERED  (MICRONS) 


FIGURE  6(a) 

Sputtering  profile  of  single  crystal  Gr/Al  thin 
layer  composite  with  intermediate  oxide.  Heat 
treatment  was  at  550°C  for  1  hr. 
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FIGURE  6(b-f) 


Corresponding  Auger  spectra  at  various  stages  of  sputtering, 
showing  surface  oxide  (b),  aluminum  metal  (c),  intermediate 
oxide  (d)  and  (e),  and  graphite  substrate  (f).  In  all  cases 
the  carbon  peak  is  predominantly  graphitic  in  character,  so 
little  or  no  carbide  has  formed. 
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FIGURE  7 

Sputtering  profile  of  glassy  carbon  Gr/Al  thin  layer 
composite  with  30  nm  thin  intermediate  oxide  layer. 
Layer  definition  is  excellent  with  this  type  of  sub¬ 
strate. 
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In  metallurgical  applications  one  of  the  primary  tses  of  Auger 
electron  spectroscopy  (AES)  has  been  the  investigation  of  fracture 
surfaces.  The  particular  mode  and  path  of  fracture  is  often  dic¬ 
tated  by  local  internal  surface  chemistry  different  from  that  of 
the  bulk  material.  This  surface  layer  can  have  a  thickness  of  only 
a  few  monolayers  so  that  detection  by  means  other  than  electron 
spectroscopy  is  very  difficult  or  impossible.  Since  fracture  sur¬ 
faces  give  information  with  a  much  greater  spatial  resolution  when 
examined  by  an  electron  beam  (which  for  AES  can  be  on  the  order  of 
100  nm),  a  scanning  Auger  microscope  is  generally  used  for  fracture 
studies  rather  than  an  instrument  capable  of  producing  photoelectron 
spectra  with  their  added  chemical  bonding  information. 

For  it  to  be  possible  to  obtain  quantitative  results,  inten¬ 
sities  of  peaks  in  the  energy  spectrum  of  secondary  electrons  must 
be  measured  as  they  come  off  the  sample  surface  after  being  excited 
by  a  beam  of  electrons.  Peak  intensities  are  functions  of  ionization 
cross  section.  Auger  yield,  escape  depth,  incident  beam  intensity, 
exposed  area  of  the  surface,  and  excitation  by  backscattered  elec¬ 
trons  from  the  matrix.  Sensitivity  correction  factors  have  been 
calculated  which  allow  quantitative  results  assuming  a  constant  angu¬ 
lar  relationship  between  the  sample  surface  and  the  incident  beam 
and  analyzed  beam  take-off  angles.  Historically,  variations  in  these 
angles  have  been  ignored  when  dealing  with  the  variations  of  surface 
chemistry  on  fracture  surfaces.  Semi -quantitative  analysis  is 
usually  done  using  sensitivity  factors  developed  for  one  specific 
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spectrometer  geometry.  Harris  has  demonstrated  that  even  for 
polycrystalli ne  or  amorphous  materials  with  a  thin  enough  surface 
layer  so  that  Auger  electrons  from  the  layer  and  the  matrix  are 
analyzed  at  the  same  time,  there  can  be  a  large  variation  in  rela¬ 
tive  peak  heights  between  the  layer  and  the  matrix  elements  with 
emission  angle  (this  variation  can  be  greater  than  100',;).  This 
variation  of  relative  heights  between  elements  in  a  spectrum  due  to 
emergence  angle  can  lead  directly  to  apparent  concentration  varia¬ 
tions  between  different  fracture  facets  that  is  not  a  real  one.  For 
the  higher  energy  incident  beam  electrons  presently  being  used  in' 
most  AES  systems,  little  effect  of  incident  beam  angle  is  observed 
on  the  relative  peak  intensities  with  the  exception  of  ,ome  loss  of 
spatial  resolution.  The'  impact  of  the  emergent  beam  an jular  depen¬ 
dence  and  a  similar  dependence  during  inert  ion  sputtering  will  be 

the  focal  point  of  this  paper. 

? 

Harris  assumes  isotropic  Auger  emission  from  the  ions  with  no 
subsequent  crystal  diffraction  in  his  theoretical  model  which  from 
a  homogeneous  single  layer  substrate  would  lead  to  a  cosine  type 
emission,  that  is,  the  emitted  intensity  would  vary  as  i  sphere  tan¬ 
gent  to  the  point  where  the  incident  beam  strikes  the  surface. 

Emitted  beams  would  have  a  direction  parallel  to  a  vector  connecting 
the  tangent  point  to  the  surface  of  the  sphere  and  the  intensity 
would  be  proportional  to  the  length  of  the  vector.  A  two-dimensional 
schematic  model  of  the  influence  of  this  angular  orientation  relative 
to  the  spectrometer  is  shown  in  Fig.  1.  The  incident  beam  is  colinear 
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with  the  detector  beam  for  convenience  in  the  analysis.  The  varia¬ 
tion  in  the  observed  signal  for  an  element  in  a  thin  layer  on  the 
surface  that  is  less  than  the  escape  depth  compared  to  the  signal 
from  the  bulk  below  it  is  thus  very  large.  If  a  0.5  nm  layer  of  a 
segregated  element  with  an  Auger  electron  escape  depth  of  1.5  nm  is 
observed,  the  contribution  of  the  surface  layer  approximately  doubles 
as  the  surface  is  tilted  from  0=0  to  0=60°.  This  type  of  angular 
change  is  readily  observed  on  a  fracture  surface  as  the  analysis 
moves  from  one  grain  to  the  next.  Fig.  2a.  This  is  even  more  appar¬ 
ent  for  the  interface  of  metal  matrix  continuous  fiber  composites, 
Fig.  2b.  The  influence  of  orientation  is  reduced  in  the  cylindrical 
mirror  analyzer  (CMA)  due  to  the  cylindrical  geometry  wiich  will  be 
discussed  later.  The  most  significant  aspect  of  this  angular  depen¬ 
dence  is  that  for  all  the  results  in  the  AES  fracture  literature, 
the  attempts  at  quantification  have  not  measured  the  angular  orienta¬ 
tion  to  account  for  the  large  geometric  influence.  The  fracture 
stages  used  in  fracture  studies  do  not  allow  for  easy  orientation 
changes.  The  net  result  is  that  only  very  large  change;  in  concen¬ 
trations  as  measured  from  grain  to  grain  with  varying  oientations 
can  be  considered  experimentally  significant  unless  the  angular 
dependence  is  corrected  for.  As  the  layer  thickness  apt  roaches  the 
sampling  depth  Z,  the  angular  dependence  increases.  This  could 
explain  the  broad  distribution  of  relative  peak  height  ratios  seen 
on  different  grain  facets  when  the  segregation  to  the  boundaries  is 
increased  compared  to  the  narrow  distribution  for  a  small  segrega- 
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Many  workers  have  shown  that  a  simple  emission  cosine  depen¬ 
dence  does  not  hold  for  single  crystal  regions  because  Auger  elec- 

5 

trons  are  affected  by  diffraction  as  they  leave  the  material.  For 
accurate  results  when  analyzing  single  crystal  facets  of  fracture 
surfaces  this  variation  should  be  accounted  for.  In  fact,  for  an 
adsorbed  layer  on  a  single  crystal  region  information  on  the  adsorp¬ 
tion  site  structure  can  be  obtained  from  this  angular  dependence.^ 
This  is  less  important  for  a  metal  fracture  due  to  the  near  surface 
deformation  of  the  grain  facet. 

For  observations  of  fracture  surfaces  a  consideration  which 
is  primary  is  that  of  being  certain  that  the  analyzer  sees  the  total 
area  irradiated  by  the  incident  beam.  The  CMA  with  a  coaxial  inci¬ 
dent  electron  beam  can  see  to  the  bottom  of  deep  regions  of  the 
fracture  surface.  The  CMA  also  averages  to  a  large  decree  the 
angular  dependence  of  emitted  electrons  since  the  analyzer  accepts 
Auger  electrons  at  a  constant  angle  to  the  incident  beam  and  has 
cylindrical  symmetry  around  it  resulting  in  an  averaging  of  the 
variation  of  sampling  depth  as  a  function  of  the  angle  p  in  Fig.  3. 

Using  the  geometry  of  Fig.  3  for  a  CMA  with  acceptance  angle 
8  measured  to  the  cylindrical  axis,  (8  is  approximately  45°  for  a 
typical  CMA),  the  maximum  depth  Z  from  the  surface  for  an  analyzed 
beam  that  has  gone  through  a  path  length  6  equal  to  the  escape  depth 
is  Z  =  <5cosy.  The  incident  beam,  surface  normal  and  analyzed  beam 
form  a  spherical  triangle  with  angle  4>  across  from  side  y  with  0, 
and  8  the  other  two  sides.  Thus, 


58 


(1) 


D-5 


Z  =  <5  cos  (G-B)  -  26  sin  0  sin  9  sin^  (-'  ) 

and  the  average  escape  depth  from  which  information  is  coming  as 
determined  by  integrating  over  <)>  is 

Z  =  5  cos  6  cos  0  (2) 

The  extremes  of  depth  Z  are  when  <p=0  and  the  deepest  information 
comes  from  the  deepest  layer  6  cos  (6-3).  When  4>=tt,  the  deepest 
layer  contributing  to  the  signal  is  only  6  cos  (e+B). 

The  total  Auger  signal  can  be  a  function  of  the  incident  beam 
angle  because  more  surface  atoms  will  be  excited  as  the  beam  becomes 
parallel  to  the  surface. ^  This  presents  a  problem  in  Auger  mapping 
of  a  fracture  where  the  intensity  of  a  given  element  can  vary  from 
facet  to  facet  even  though  concentration  is  constant.  Combining  this 
with  the  previously  described  reduced  depth  of  sampling  due  to  escape 
depth  means  great  care  in  evaluating  the  data  must  be  taken. 

Because  Auger  electrons  which  have  not  been  inelastically  scat¬ 
tered  only  come  from  the  first  few  atomic  layers  of  the  fracture  sur¬ 
face,  it  is  often  desirable  to  observe  the  change  in  chemical  composi¬ 
tion  with  depth  into  the  bulk  by  sputtering  with  inert  gas  ions  to 
continually  remove  the  surface  while  analyzing  by  AES.  The  angle 
between  the  ion  gun  and  the  surface  plays  a  major  role  n  sputtering 
rate.  For  a  two-dimensional  model  as  before,  the  sputtering  rate 
for  the  geometry  shewn  in  Fig.  4  is 

R(8)  =  R(6=c)  cos  (e-0)  (3) 
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where  R(e)  is  the  sputter  removal  rate  for  the  surface  normal  at 
angle  0.  R(0=e)  is  the  rate  for  normal  incidence.  The  cosine 

term  arises  since  the  incident  ion  current  I  is  proportional  to 
the  eroded  volume  v  and  v  =  ZA  which  is  the  depth  time:;  the  eroded 

area.  R  -  -  ^n/cos (e-0)  where  An  is  the  area  when  the  beam 

is  normal  to  the  surface. 

The  large  difference  in  facet  orientation  on  the  fracture  sur¬ 
face  strongly  influences  the  sputtering  rate.  If  the  analyzed 
facet  is  not  perfectly  flat  broadening  occurs.  This  effect  becomes 
more  severe  for  rougher  facets  and  for  large  angles  between  the 

g 

average  surface  normal  and  the  sputter  beam. 

For  fracture  surfaces  additional  factors  influencing  the  shape 

g 

of  the  depth  profile  are  shadowing  and  redeposition.  One  facet  may 
be  hidden  from  the  inert  ion  sputtering  beam  by  other  parts  of  the 
specimen  but  not  from  the  analyzing  Auger  spectrometer.  This  facet 
may  even  have  sputtered  material  deposited  on  it  from  neighboring 
regions.  Thus,  care  must  be  taken  in  insuring  that  when  a  depth 
profile  is  being  taken,  an  analysis  spot  is  chosen  that  is  exposed 
to  the  incident  electron  and  ion  beams  as  well  as  the  analyzer.  A 
more  subtle  effect  on  profiling  is  the  apparent  broadening  of  an 
interface  examined  by  sputtering.  The  escape  depth  of  analyzed 
Auger  electrons  though  small  can  contribute  to  analyzing  a  layer 
before  the  sputtering  has  brought  the  surface  down  to  it.  This  effect 
is  greater  for  higher  energy  Auger  electrons.  Atomic  mixing  under 
the  sputter  beam  can  also  cause  broadening  as  can  differences  in 
sputteryield  for  different  elements. 
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Sunrnary 

The  angular  dependence  of  the  Auger  signal  from  a  thin 
layer  on  a  fracture  surface  strongly  depends  on  several  factors. 
These  include  the  orientation  relative  to  the  analyzer  and  the 
orientation  relative  to  the  inert  ion  sputtering  gun.  The  huge 
differences  that  occur  over  the  random  orientation  of  various  facets 
on  a  fracture  surface  make  quantitative  measurements  of  thin  layer 
concentrations  very  difficult. 
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Figure  1 

Maximum  depth  of  signal  as  a  function  of  surface  orientation 
Z  =  6cos0.  0  is  the  angular  rotation  of  surface  normal  to  iirecti 
of  the  detector.  6  is  the  escape  depth  for  Auger  elect  ons.  Z  is 
the  depth  normal  to  the  surface  that  is  sampled  due  to  i  finite  5. 


H 
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Figure  3 

Three-dimensional  geometry  for  a  CMA.  3  is  half  the  CMA  acceptance 
angle.  9  is  the  angle  between  the  CMA  axis  and  the  surface  normal. 
Y  is  the  angle  between  the  surface  normal  and  the  analyzed  beam. 

6  and  Z  are  as  defined  in  Figure  1.  4>  is  the  angle  of  cylindrical 
symmetry. 
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ion  beam 


Figure  4 

Two  dimensional  model  for  inert  ion  sputtering,  e  is  the  angle 
between  the  ion  beam  and  analyzed  beam  and  is  generally  fixed  in 
AES  fracture  studies,  e  is  the  angle  between  the  incident  beam 
and  the  surface  normal. 
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Abstract 

Auger  Electron  Spectroscopy  (AES)  is  used  in 
a  wide  range  of  fracture  problems.  This  paper 
describes  fracture  studies  of  iron,  aluminum 
based  alloys  and  metal  matri x/ceranic  compos¬ 
ites.  The  paper  also  describes  how  AES  analy¬ 
sis,  when  combined  with  the  SEM,  inert  ion  sput¬ 
tering,  SIMS,  ESCA  and  other  surfac >  and  near 
surface  techniques,  is  used  in  determining  t he 
fracture  behavior  of  materials  previously  sub¬ 
jected  to  various  environments. 


Jnt- ocurtion 

One  of  the  earliest  applications  of  Ajqer 
Electron  Spectroscopy  (•'•ES,  in  materials  -eseaich 
was  the  study  of  the  grain  boundary  fracture  oc 
steels  (1-4).  Research  in  fracture  still  follows 
the  basic  experimental  approaches  defined  then 
but  tne  techniques  hav,  been  refined.  The  major 
instrumental  advance  ir  AlS  r.as  been  tire  v. proven 
spatial  resolution  assr  .rated  wire  the  deveioptet  t 
of  the  scanning  Auger  i  :cr0scope  (4-:.,.  The  abil¬ 
ity  to  'jet  Auger  data  •  ~om  areas  less  th.vr 
grain  diameter  in  metal  and  cerar its  allove: 
chemical  analysis  assor  ated  with  the  fra.;t..i<- 
process  to  b<-  studied  in  detail.  The  transition 
from  a  research  laboratory  instrument,  to  jv .; 
routinely  in  most  laboratories  wnicr  occur,  co  in 
the  last  decade  to  tne  AES  Microscope  has  allowed 
broadened  applications  to  .tudies  of  fracture 
failure  in  a  wide  variety  of  materials. 

It  is  the  purpose  of  this  review  parci  to 
describe  the  recent.  A£:  research  being  per*or~eg 
to  develop  an  understarnii  of  the  frac*  Jre  oo'-av- 
ior  of  structural  materials.  The  paper  will  or.-. v. 
heavily  from  the  reseaich  efforts  of  the  -.ulnar, 
during  the  last  few  years. 

the  results  will  be  presented  in  two  wavs. 

The  first  will  describe,  in  general,  the  ..seful 
ness  of  AES  in  clarifying  fracture  me  chants:  '  . 

The  second  will  indicate  tne  experimental  prop5  -s 
associated  with  interpreting  the  A~8  data.  In 
addition  data  and  results  showing  the  advantage  f 
conbining  AES  with  SIMS,  SEM  and  ESCA  will  bo  pre¬ 
sented. 


Technical  Approaches 


> EY  WORDS :  Auqer  Electron  Spectro' copy ,  ESCA, 
’Inert  ion  Sputtering,  Hydrogen  Trai  sport,  SIMS, 
latique,  Embrittlement,  Environmental  Effects, 
horrosion.  Fracture. 


There  are  two  types  of  fracture  problems 
studied  with  AES.  The  first  type  is  one  in  wn;,n 
a  thin  layer,  several  nonolayers  in  extent,  con 
trols  the  fracture  pro,. ess.  This  includes  i  la.  no 
class  of  problems  related  to  grain  boundary  and 
interface  segregation.  In  this  case  if  the  fra  - 
ture  surface  is  exposed  to  ambient  conditions  f,  r 
as  short.  3  period  as  a  few  minutes  (prior  to  homo 
put  into  a  hard  vacuum  ,  the  oxide  formed  and 
other  atmospheric  contamination  wi 1 1  complicate 
the  ciatherino  of  meaningful  AES  results  on  tne 
interface  chemistry  ( 1  - 3 ) .  For  this  reason  the 
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cm  i  rn-enta!  approver,  must  include  fracturing  in 
situ  in  a  r,arJ  vacuum  or  an  inert  gas  environ¬ 
ment.  Hie  hard  vacuum  is  obtained  by  baking  the 
system  prior  to  fracture  to  reduce  t tie  residual 
concentration  of  water  vapor  which  quickly  con- 
tan  inates  fresh  active  metallic  fracture  surfaces 
suen  as  for  aluminum  and  iron  alloys.  The  bakinq 
is  not  as  essential  for  fracture  studies  of  .  e ram¬ 
ies  and  semiconductor  materials  because  they  nave 
relatively  small  sticking  coefficients  for  oxy¬ 
gen  . 

The  sample  in  tne  vacuum  cnacuer  can  tnen  be 
fractured  under  impact  loading  ( 2 ),  torsion 
loading  (3)  or  tensile  loading  ( 6 ) .  The  sample 
can  be  fractured  over  a  range  of  temperatures  oy 
using  either  a  cooling  or  heating  stage.  High 
spatial  resolution  AES  analysis  of  the  surface  is 
then  performed  (for  a  review  of  AES  and  other  sur¬ 
face  analysis  techniques,  see  references  7  and  36). 
To  enhance  cack  fornation  or.  the  specific  weak 
interface,  fracture  can  be  induced  unaer  either 
cyclic  or  sustained  loading  in  a  reactive  environ¬ 
ment  such  as  hydrogen  (8-10).  This  teennique  may 
allow  the  exposure  of  interfaces  for  AES  analy¬ 
sis  which  would  normally  not  fracture.  Other 
techniques  such  as  introducing  embrittling  ele¬ 
ments  by  electrolytic  charging  followed  by  diffu¬ 
sion  down  the  grain  boundary  have  been  tried  with 
limited  success.  The  objective  is  to  diffuse  suf¬ 
ficient  embrittling  elements  such  as  S  or  As  down 
the  interface  to  induce  interface  failure.  The 
hypothesis  is  that  the  original  interface  chem¬ 
istry  will  not  be  modified  and  will  be  measured 
during  the  in  situ  fracture  and  AES  analysis. 

The  second  type  of  fracture  problem  is  one 
in  which  the  fracture  is  formed  external  to  the 
system  and  AES  analysis  of  the  fracture  surfaces 
is  then  obtained.  In  this  case  the  important 
information  may  be  hidden  by  an  atmospneric  con¬ 
tamination  layer  corposed  of  oxides,  hydroxides, 
and  carbonaceous  material.  An  example  of  the 
approaches  used  in  these  studies  involves  use  of 
AES  ana  ESCA  to  evaluate  stress  corrosion 
cracking  (11).  The  oxide  chemistry  associated 
with  the  stress  corrosion  process  gives  clues  to 
the  origin  of  the  fracture.  Similar  studies  in 
progress  are  aimed  at  using  AES  and  ESCA  to  dis¬ 
tinguish  between  oxides  such  as  Fealhand  Fe3Cq  to 
help  determine  the  origin  of  critical  pre¬ 
existing  flaws.  In  both  these  cases  the  oxides 
are  very  thick  compared  to  the  atmospneric  con¬ 
tamination  layers. 

Another  study  of  the  second  type  involves 
the  fracturing  of  a  sample  in  an  environment 
bearing  an  isotope  of  the  element  of  interest. 

A  confcined  AES  and  SIMS  analysis  to  examine  the 
environmental  influence  on  fatigue  crack  growth 
using  deuterium  and  (r“  isotones  will  be  described 
later. 

A  vital  aspect  of  the  experiments  is  the  com¬ 
bination  of  inert  ion  sputtering  with  the  AES, 

SIMS  and  ESCA  measurements.  This  allows  the 
determination  of  not  only  the  chemistry  of  the 
fracture  interface  hut  also  the  relative  position 
of  this  interface  to  the  rest  of  the  structure  of 
the  material.  An  example  of  the  applicability  of 
this  approach  is  in  the  interface  fracture  asso¬ 
ciated  with  metal-matrix  composites.  The  frac¬ 
ture  path  is  very  sensitive  to  the  existing 


1  avert'd  structure  as-  cciat.-d  witi  'r.  -  c*  "  i ' 
Ini',  will  be  d  1  SCu'Sl-u  11'  ore  detail  1"  tne 
following  set t ion. 


F  racture  1  t  jd ies 

During  the  past  I?  ye  irs  AES  ''.is  •.  e‘-f  .S'- 
in  many  : racture  studies.  We  will  net  i'.ic  •  ■ 
to  del  incite  all  of  trr-  studies  b,’  e 

on  the  recent,  wort  of  tr.e  ajthors  as  ue  -  re. 
sentdtivo  of  some  si  or  i  f  i- ant  ~Z',  fro  .*  .f 
studies . 

AC.  Studi  -s  of  Grain  boundary  s-britt,  it 

Steels 

Since  early  ‘his  century  it  r.as  Petr, 
observed  that  low  alley  steels  can  become  estti  • 
tied  if  they  are  kept  in  a  wei  i  defines  '  - 

57E  Ci  temperature  range  cer  extended  tenors 
of  tire.  This  -'revert it  1  •  temper  ertv 
consist'  if  an  increase  it  the  SuCti  - 
brittle  trans  it  ion  temper,  tore  for  s  . 
i.e.,  ;n'  .rgran.,1  art  --i  1 1  i  •  fail. res  :  .-  .*.  ‘.c 

peraturn-,  wnere  tr.e  steel  is  ^ ec  -av-e- 
only  at  very  cola  tempera  lures .  Tne  effect  lc 
be  reversed  by  short  anneals  above  6CE  E. 

Typical  compositions  for  these  steels  are 
0.4  wt 1  C ,  3.5.  Ni ,  1  .T  Cr  anc  <  O.Ct  .  ‘ r, .  F  . 
Sb  (the  balance  beino  rt  .  When  ere- ri  : 
alleys  are  fractured  at  or  terse  rat.."  .  *.’.e 
fracture  path  is  general T .  at  prior  austenite 
grain  boundaries.  'his  <>.  also  tr.,e  •'■■■  b  i.«.  . 
alloys  of  iron  and  soi-e  e ■  oi-er  t  =, .  New  1  .  t 
grain  boundary  facets  nav  ■  beer  •*.••  in.  : 

AES  after  the  s.>’cire-i-.  w. re  fract  .re  •  n  • 
vacuum  ;  2  ,S,  7 ,1 .-  IT  .  Co-  centra*  i..  >,s  ;/  •• 
trace  element;  S,  P,  Sr.,  b.  As,  Te.  Sc.  .1 
the  grain  boundaries.  sr---.  tires  crccr-  •  . - 

tude  hir-c-r  than  i  q  tie  :  .Ik,  we--e  '■  .  :  ' 

tne  boundaries  in  .jiff e-f-;  a)l;,s. 
cantly  nfiher  grain  uo.r-.  r,  cree  'a;- 
Ni  .  Si,  r  and  other  a’ loving  e'.er»nf.  •  e 
found  in  these  alloy  sysfe-s.  I-i  alnris* 
cases  inert  ion  sputterinr  snowed  tne  to  * 
the  increased  concentrations  to  pe  fir  ,u  •- 
1  nm  for  tne  trace  elements  but  aprargr- • . 
to  three  times  as  great  for  the  alio-.’-  .  ;<  - 
rnents  sue-  as  NI .  Based  on  the  -E$  an.- 
ion  sputtering  data  seven,  theories  n.t.e  ,  ec 
proposed  to  account  for  how  a  one  or  twr  r-rr- 
layer  region  with  nigh  trace  element  r1'.-"-!,  - 
tion  occurs  and  how  one  can  account  tor  cr'- 
scopic  fracture  along  it.  One  orotlev  «'l  *n 
data  is  now  to  explain  fe  observed  di  ‘ffirn,  u  ■ 
in  depth  uf  the  trace  and  alloying  elec's. 

Plotting  the  concern. .ration  of  Sr.  ar-i  *>; 
a  fractured  grain  (analysing  s.not  51  '  • 

an  embrittled  3.5'  Ni  -  !  . 7  Cr  -  0.4  -  t.  • 

wt.  Sn  steel  versus  sputter  time,  shew,:  •  i“ 
elements  naving  an  at-pro  imatelv  expon-’-"  ■ 
decrease.  The  character  stic  booth  was  tw 
as  large  for  Ni  as  for  Si  .  Tc  determine  wne'.he 
the  obseved  profile  repi  esented  an  act..’; 
ical  difference  in  tmckriss,  :-n  and  V.  were 
deposited  from  a  Sn  wetted  Ni  filament  inside  ‘ 
Auqer  system  in  a  suhmor.ol aver  film  on  top  of  i 
grain  previously  sputtered  to  the  bulk  cc'cetiir 
tion  (20).  Respi.ttering  reproduced  t‘’c  same  c 
files  observed  on  the  original  fractured  'peel- 
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It  Vi..  ,  aruvj  rs  that  ‘ii  :s  more  •_  t  ror:  I  >  bonded 
t  '.  trii  pred  mnur.' ly  i  e  matrix  thin,  ‘.'i,  and  '  n 
is  ;)ivTi.>ri‘nt  :  a  1 1  ■.  ruttere  J  ii-udi'i'i  to  an  appur- 
e  li  L  hat  vtitni.ll  Jiiuule  tin  .lues-,  o'  rl.o  Ni 
enricnod  region  at  the  i|rain  ruunujr.  when  cr.i:,- 
pared  tu  the  '.n  layer  thickne- ,  a-“.  i  li  ust  rated 
i n  rh,„ie  I.  Preferential  -a (. . . 1 1 . ■  r i ri > ■  pan  lead 
to  significant  errors  in  modeling  the  diffusion 
and  fracture  process. 

AE>  Studi  es  of  M*»ta  i  Matri  x  Corcpos  i te*. 

Muper  microscopy  has  become  in  essential 
too 1  in  the  st.  t /  of  ceramic  fiber  metal -natri x 
composite  materials.  In  a  fiber  composite  the 
maxima::-  'section  icai  properties  ear.  usua  •  ly  oe 
obtained  by  fi a vi net  all  the  fibers  aligned  in  a 
single  direction  in  the  matrix  material.  Unfor¬ 
tunately,  in  directions  normal  tc  this  unique 
axis  tne  material  is  often  weaker  than  the  noroo- 
g.er.eoi.s  matrix  material.  This  occurs  because 
the  n terrace  region  between  trie  fiber  and  the 
nati  ,x  is  generally  weaker  than  cither  one  and 
the  fracture  path  includes  the  interface  ,21... 

!n  studies  of  T i - 6A 1  - 4 V  matrix  with  B^C/B 
or  SiC  fibers,  fiber  composites  in  the  form  of 
consolidated  wires  with  the  fiber  axis  in  the 
plane  of  the  plate  were  fractured  i ns i ee  of  the 
AES  vacuum  system.  Tne  fracture  paths,  Figure 
2,  contain  a  large  amount  of  interface  and  fol¬ 
lowed  the  fiber  sides  of  tne  interface  thrcucn 
the  carbides  as  determined  from  the  characteris¬ 
tic  cat  Per.  Auger  derivative  pears.  Careful  pear 
shape  studies  can  help  determine  whicn  carbice, 
such  as  Ti  cr  Si  carbide  in  the  SiC  fiber  com¬ 
posite,  is  prevalent.  Sputtering  profiles 
Showed  carbides  and  oxices  near  the  SiC  fibers, 
borices  near  the  3*  C/3  fibers,  and  S  and  Cl 
impurities  at  the  interface.  The  brittle  com¬ 
pounds  associated  with  these  elements  and  their 
poor  bunding  to  the  adjoining  phases  created  a 
layer  mat  resulted  in  the  lowest  energy  fracture 
path  (22). 

When  samples  of  the  same  T1-6A1-4V  "tatcrinl 
were  thermally  cycled  between  550-X  and  40  'C  in 
air  for  nine  cays  the  fracture  path  was  partially 
through  degraded  interfaces  filled  with  oxides, 
flo  significant  amount  of  carbide  was  ‘our.d  in 
the  fracture  interface.  This  degradation  of  the 
interface  re  i-.-coo  the  longitudinal  fracture 
strength  (22). 

Similar  -.tu-.V-s  w »  th  al  ai.i'-ur  natrix/crapii- 
ite  fiber  covc-sites  have  indicated  oxides,  car¬ 
bide',  and  Ti&:>  present  at  tne  fracture  interface. 
To  identify  fro,-,  Auger  data  whicn  coninoi.r,'!  is 
present  in  an  ininnwn  sample,  the  spectra  from  a 
Standard  sample  observed  under  identical  ccrdi- 
tions  should  be  cor  oared  to  t' o  unknr.vn.  But” 
pear- to- peat  heights  and  peak  shape  must  be  tor- 
re  la  ted.  If  the  unknown  was  snutterr-.-,  the  same 
pa  ran  eters  Must  be  used  on  thr  st.in.iurg  to  avoid 
any  pre rerential  sputtering  modifications.  For 
exaupie,  a  Ti8?  powder  standard  resulted  >n  a 
direct  cone ’at  ion  wit’,  the  Auger  data  from  the 
interface  of  the  aluminum  graoni tf  co- pos  i  tes . 

An  absolute  check  on  compound-  at  the  inter¬ 
face  in  ur.ipn  I f '-/A  1  fiber  composites  was  mage  bv 
correlating  eager  results  with  TEM  data.  inter¬ 
faces  were  isolated  either  by  lissolving  the 
matrix  (in  HC1  ,  HCl-'etnanol  mixture,  nr  KPH)  or 
by  eitctrrool  ish  mg  the  matrix  completely  away 


..re  Benavioi  gf  vaterialc 


li.  AND  S 


TIKE  DISTANCE 

Figure  1.  Schematic  of  nc  >-inai  i yed  concc-nf-ati 
of  segregated  Sn  unc  Ni  ar  detected  by  aroor.  i 
sputtering  into  an  eroritt  ed  low  a:lc>  steel 
fracture  Surface,  (a)  Cor :entrat ion  vs.  time 
indicating  different  sputter  rates  for  V.  ana 
(b)  Concentration  vs  distance  indicating  that 
and  Sn  nave  the  same  depth  profile  considering 
relative  sputter  rates. 
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Figure  2.  (a)  fracture  surface  of  Ti-tAl-4'./S 

corpeuite  shewv.i  p.-.v  tr.rou'h  interface. 
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Figure  2.  (hi  Fracn.r,-  surface  of  Ti-6A1-4V< 
B.-C.'B  i  mpos.te. 
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v  in  perchloric  acid,  ethanol  aria  glacial  acetic 
acid  electrolyte).  Snail  pieces  or  interface 
rerained  attached  to  the  fibers  and  were 
Observed  m  the  IKM.  Oiffraction  patterns  con- 
finned  the  presence  of  Tili^  as  well  as  oxides  of 
aluminum  and  other  minor  component  e linen ts  of 
the  matrix.  Algc^  and  Tic  wore  also  cetc-cteri 
from  the  diffraction  patterns.  The  difficulty 
of  indexing  pol ycrystal 1 t ne  electron  diffraction 
patterns  was  lessened  considerably  by  having  the 
Auger  data  on  the  thin  interface  material  (2;J. 

in  order  to  exam, no  the  basic  structure  of 
the  A1-. graphite  inter  face  and  factors  tnat  influ¬ 
ence  the  interface  strength,  a  model  system  was 
examined.  Single  crystal  graphite  flares 
obtained  from  Ticonderoca  granite  were  used. 

Since  the  Basal  plane  of  graphite  is  parallel  to 
the  plane  of  the  flake,  clean  surfaces  could  be 
exposed  by  "peeling"  off  layers  of  graphite  from 
the  flake.  In  vacuums  ranging  from  4x10"'  torr 
to  2x10"’  torr  aluminum  was  deposited  on  the 
clean  flake  from  an  A1  coated  hot  filament.  The 
resulting  oxide  layer  at  the  graph ;  te-atumir.un 
interface  rangec  from  Snm  {determined  by  sput¬ 
ter  profiling)  for  the  high  vacuum  case  to  -20  nm 
for  the  low  vacuum.  When  segments  of  the  alumi¬ 
num  were  peeled  away  from  the  flake  and  both 
newly  exposed  surfaces  examined  with  AES,  it  was 
apparent  that  the  fracture  traveled  through  the 
graphite  for  the  thin  oxides  (a  good  interface 
bond)  but  went  partly  through  the  oxides  and 
partiv  through  the  graphite  for  the  thicker 
oxides  (presumably  a  weaker  bond).  in  addition 
to  the  AES  peel  studies,  electrical  I / V  charac¬ 
teristics  were  measured  and  intei preted  using  the 
AES  results.  Figure  3  shows  the  experimental 
arrangement  (23).  The  I/V  curves  show  a  hign 
interface  resi stance  when  fracture  occurs  in  the 
interface  and  low  resistance  when  it  occurs  in 
the  substrate  as  shown  by  AES. 

AES_of  Fracture  in  Cast  Iron 

The  mo-pr.ology  of  the  graphite  particles  in 
cast  iron  plays  a  major  role  in  the  fracture 
behavior  of  tne  iron  (24).  Ductile  iron  has 
spheroidized  graphite  particles.  Fracture  takes 
place  along  the  graphite-metal  interface.  AES 
has  been  performed  to  attempt  to  identify  why  the 
interface  was  the  preferred  path.  The  chemistry 
of  the  interface  was  found  to  be  the  controlling 
factor  in  determining  the  morphology  of  the 
graphite,  but  the  chemical  composition  appar¬ 
ently  played  no  role  in  the  fracture  process. 

The  fracture  strength  was  controlled  by  the 
microstructure  of  the  matrix  (25-27).  In  this 
case  the  AES  results  did  not  lead  to  an  improve¬ 
ment  in  fracture  properties  but  were  of  value  in 
determining  the  process  by  which  the  fracture 
controlling  graphite  morphology  was  determined. 
Figure  4  is  an  example  of  the  fracture  surface  of 
ductile  iron. 

AES/S  IMS  St; i gj_  of  Fat i  gue  Crack  Growth  i n  Alumi - 
num_A_lj  cys 

The  influence  of  gaseous  environments  on 
fatigue  cracx  growth  in  structural  alloys  has 
been  extensively  studied  over  the  years  (28-30). 
The  AES/SIK.  studies  described  here  were  aimed  at 
looking  at  the  transport  of  the  embrittling  spe¬ 
cies  into  the  metal  in  the  vicinity  of  the  crack 
tip  during  the  fatigue  process.  The  study 
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N2 ,  A  r  and  hard  vacuum  as  t  le  environments  for 
al uini nun  a i  loys  fatirued  ir  an  envi ronmn  t«  i 
chdiibcr.  To  separate  the  hydrogen  and  o./cr, 
COnliiiuin.it  ion,  deutet  i  uni  aid  oxvgrn-lb  l  ot 
were  used  as  the  active  environments.  T ■  ■  ■  ■  m 
pies  were  then  examin'd  in  the  AET/SIMS  ‘ 
with  the  normalized  r 'Suits  shown  in  Fie  .re  b. 

The  o'R  as  determined  with  SIMS  is  muen  leeper 
into  the  surface  than  tne  unavoidable  at;  osphe  ic 
oxygen  as  measured  with  AES  and  represents  the 
oxide  formed  during  fatigue.  This  oxide  is 
thicker  than  one  formed  after  fatiguing  in 
vacuum.  he  deuterium  is  transported  tc  a  w, 
greater  a.-pth  (31-32  than  the  oxide,  ‘ne  snaue 
of  the  de.terium  pro  ile  can  be  explained  as 
resulting  from  diffu'ion  after  the  fatigue  crac* 
growth  pricess  is  coi  plete.  This  was  confirmed 
with  exarrnation  of  on  implanted  deuterium  pro¬ 
files  as  a  function  f  time  (32). 

EJectron  and  Jon  Beam  Damace  Influence  on  AES 
final ysi s  on  Fractured  Carbon  Composites 

In  an  attempt  to  determine  the  loca  I  Oor.dir: 
in  the  carbon  fiber-netal  matrix  corposites. 
detailed  AES  fracture  surface  analyses  were-  per¬ 
formed.  This  section  will  describe  the  prouie-s 
associated  with  detailed  Auger  peak  analysis 
using  graphite  as  "n  example. 

Surfaces  whic.i  ontain  carbon  in  ai.y  ot  .s 
variety  of  forms  { i  .»•. ,  hydrocarbons,  fu'ctionu. 
oxycarbon  groups  and  highly  graphitic  cat  tons) 
are  hignlv  susceptible  to  perturbations  in  :,nysi- 
cal  structure  under  electron  bean  exnos -.n  . 

These  changes  in  initial  surface  struct,  -e  in 
directly  associated  with  changes  in  the  •.  sr.-on 
Auger  peak  shape,  as  in  the  case  of  sin'  ;e  crys¬ 
tal  graphite  (33).  rhe  changes  undergo'"  ire 
permanent  and  nay  proceed  through  stage1  a*.  Mu- 
surface  atoms  approach  a  more  disnrdero'  >. tail  . 
Electron- induced  decomposition  and  sele.ti.c 
desorption  of  other  elemental  species  at -t 
to  occur  in  weakly  buund  Carbonaceous  c<  "I'duiv, . 
rendering  surface  an.  lysis  impractical  via  ele  - 
tron  beam  techniques 

In  order  to  min' mice  surface  damage  ti..S'  1 
by  high  energy  elections  (  2-10  keV),  x-ray 
photoelectron  spectr'scopy  (XPS)  is  edv  nr.a 
in  surface  analysis  f  qrapnite  fibers,  :r 

the  spatial  resolution  limitations  of  >:  *a-,c  t 

unsuitable  for  many  other  applications  :  n  ~iati- 
rials  science  (36).  Likewise,  ion-induced  sur¬ 
face  damage  occurs  upon  inert  ion  sputt^ri no  o- 
graphite  fibers,  resulting  in  further  perturba¬ 
tions  in  the  carbon  Auger  peak  shape  ( st  c-  "iqure 
6).  It  is  noteworthy  the t  no  electron-  nducce 
local  chanqes  in  secondai /  electron  yio  d  am 
visible  following  argon  sputtering  of  yapiif. 
fibers,  whereas  such  charges  are  apparc  r 

to  sputtering. 

Characteristic  loss  spectroscopy  (  IS)  n 
be  used  to  obtain  matrix- sensitive  Interna*  ion 
concerning  a  surface  (37-40).  This  technique  is 
considerably  more  delica  e  by  virtue  of  the  t..cl 
that  it  requires  only  a  ‘mall  fraction  of  the 
primary  electron  current  density  and  vo'taqr 
required  with  AES.  The  ■  LS  process  doeu  not 
generate  core  holes;  ratrer,  it  is  intended  t' 
probe  energy  loss  mechan  sms  experience!  b>  b.ic*- 
scattered  electrons  whic:  have  undergone 
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Figure  3.  Geometry  of  Graphite/Al  contacts  for 
I / V  measurements  and  peel  tests. 


Figure  4.  SEM  of  fracture  surface  of  ductile 
i  ron. 


interactions  with  the  uppermost  si 'face  layers  of 
the  specimen  matrix. 

CLS  is  accomplished  by  using  :n  electron 
energy  analyzer  to  measure  the  ene  -gy  distribu¬ 
tion  of  electrons  backscattered  fr  mi  a  surface 
subjected  to  a  monoenergetic  prime  y  beam  of 
electrons.  Typically,  the  primary  electron  beam 
energy  is  set  below  2000  eV  becaus :  most  Auger 
peak  energies  of  interest  lie  belc/  this  energy. 
Ideally,  with  the  primary  beam  hell  at  the  energy 
of  an  Auger  peak,  the  response  fui  ;tion  obtained 
througn  CLS  serves  as  a  descriptic  i  of  the 
changes  in  energy  which  analyzed  electrons  have 
undergone  due  to  kinetic  events  unrelated  to 
bonding.  The  response  function  is  valid  over  an 
energy  range  of  several  hundred  electron  volts, 
so  a  single  Auger  peak  can  theoretical ly  be  decon- 
voluted  with  the  CLS  spectrum  of  the  same  range 
of  analyzed  energies. 

Before  discussing  deconvolution  further,  an 
illustration  of  CLS  data  for  graphite  fibers  will 
be  given.  With  an  electron  beam  of  only  a  few 
picoamperes  rastered  over  an  area  if  a  few  hun¬ 
dred  thousand  square  microns,  it  s  possible  to 
delay  the  onset  of  surface  damage  for  several 
minutes.  (For  comparison,  beam  c  rrents  greater 
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SPUTTERING  DEPTH  (r.r.) 

Figure  5.  Sputter  profile  o*  deuterium  n  0 
as  determined  uy  SIMS  and  Oxygen  as  det=-~ i no: 
AES. 


AUGER  ELECTRON  ENERGY  \,\’t 

Figure  u.  Carbon  Auger  features  of  h i ;•  ' ,  era. 
itic  VS0-C.4  fibers,  (a)  as  received;  ;  3 ft*: 
sputtering. 


by  more  than  four  orders  of  magnitude  ire 
required  to  obtain  Auger  data.!  The  Ci-S  srectr 
in  the  initial  state  is  presented  in  Fig.  r(a’i. 
somewhat  rifferent  frim  the  final  state  displa 
in  Fiq.  7 ( n > .  The  difference  is  that  tie  latt- 
exhibits  a  small  plasmon  peak  adjacent  *o  tun 
elastic  backscatter  peak,  visible  oece-se  the 
carbonyl  and  lactone  Oxygen  surface  gr:-ps 
35)  have  bren  decomposed  by  the  electron  oear.  . 
While  performing  AES  on  graphite  fibers,  tne 
electron  beam  desorbs  tne  weakly  bounc  oxynen 
almost  completely. 

Tradi r ional ly ,  AES  data  handling  -is  brer 
facilitated  by  digital  signal  process’  .-.  (41, '. 
Routine  apnlication  of  deconvolution  tu'nniov 
(43-47)  would  be  impractical  without  or- lire 
access  to  a  nigh-speed  computer.  Raw  ej’ . 
is  initially  taken  in  analog  form.  Accurate  c 
itization  of  the  signal  is  a  necessity  m  orry 
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to  determine  the  existence  of  peak  shifts  and 
preserve  peat  shape.  The  digital  energy  incre¬ 
ments  should  oe  discrete  in  terms  of  electron 
volts . 

Superimposed  upon  the  raw  AES  data  is  the 
large  secondary  electron  background.  It  has 
been  determined  (43)  that  adjustment  of  an  ana¬ 
lytical  function  can  simulate  the  background 
adequately  over  an  energy  range  of  a  few  hundred 
electron  volts.  Hence,  the  background  can  be 
synthesized  and  subtracted  from  an  Auger  peak. 
After  subtracting  the  baclground  from  an  Auger 
peak  in  derivative  form,  integration  is  performed 
in  order  to  prepare  the  measured  data  for  decon¬ 
volution. 

Once  the  corresponding  derivative  CLS  data 
is  digitized  and  integrated,  it  is  desired  to 
deconvolute  matrix  and  instrumental  effects  from 
the  integral  Auger  data  using  the  integral  char¬ 
acteristic  loss  data  as  a  response  function.  The 
iterative  deconvolution  scheme  (49)  is  accurate 
provided  that  the  data  contains  relatively  little 
fine  structure  so  that  the  algorithm  leads  to 
convergence.  Figure  8  compared  the  original 
integral  Auger  data  from  pyrolytic  graphite  with 
a  reconvolution  of  the  final  deconvoluted  result 
to  ensure  that  the  two  match  one  another.  Due 
to  electron- induced  surface  damage  caused  by  the 
primary  electron  beam,  the  carbon  Auger  peak  from 
any  type  of  graphite  will  not  reproducibly  char¬ 
acterize  the  form  of  carbon  as  anything  different 
from  pyrolytic  graphite.  Even  graphite  single 
crystal  basal  plane  surfaces  do  not  regularly 
produce  the  sharp  structural  features  in  peak 
shape  that  have  been  reported  (33). 

Carbides,  however,  do  not  possess  the  graph¬ 
itic  resonant  bond  character,  and  will  tend  to 
retain  their  physical  structure  by  resisting 
electron- i nduced  surface  damage  somewhat.  Well- 
resolved  carbon  Auger  peaks  for  several  general 
carbide  standards  which  exhibit  noticeable  dif¬ 
ferences  have  beer,  reported  (33).  Deconvoluted 
spectra  of  graphite  and  aluminum  carbide  are  dif¬ 
ferent  (see  Figure  9).  The  carbide  peak  has  a 
sharper  structure  and  this  might  be  indicative 
of  a  more  orderly  surface  structure. 

The  net  result  is  that  very  little  detailed 
information  about  the  nature  of  the  bonding  at 
the  fracture  surface  is  obtainable  with  AES.  In 
reality  the  fractured  bonds  have  already  under¬ 
gone  a  major  modification  from  the  bonding  in 
the  original  unfractured  solid  during  the  frac¬ 
ture  process.  The  electron  and  ion  beam  damage 
makes  it  even  more  difficult  to  do  any  analysis. 

It  also  should  be  noted  that  weakly  bound 
elements  such  as  Cl,  8r,  I  etc.  can  easily  be 
removed  or  greatly  reduced  in  concentration  by 
the  electron  beam  before  an  AES  analysis  of  the 
fracture  surface  is  performed. 


Summary 


This  review  paper  has  tried  to  show,  with  a 
limited  set  of  examples,  how  AES  combined  with 
other  surface  sensitive  tools  can  be  used  in 
studies  of  the  fracture  of  materials.  The 


Tigure  7.  Integral  characteristic  los:  xpc-rti 
for  high  modulus  pitch  precursor  type 
graphite  fiber,  (a)  Prior  to  extensive  elect' 
beam  damace  to  the  Surface,  (b)  After  '«.-av/ 
damage  to  the  surface,  (f.ote:  small  asmor 
peak . ) 


ELECTRON  1NERGY  ( eV ) 


Figure  b.  Original  anc  r  convoluted  A...  ;r  dc '. 
from  pyrolytic  graphite. 


Figure  9.  Deconvoluted  integral  Auger  spectra 
of  graphite  and  aluminum  carbide. 
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appl icab i 1 i ty  is  widespread  and  routine  in  many 
laboratories.  It  was  also  pointed  out  that  unless 
care  is  taken  the  observed  data  interpretation 
could  have  la  rue  errors.  With  care  AES  is  a  pow¬ 
erful  tool  for  the  study  of  fracture. 
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Discuss) or  with  Reviewers 


G.B.  Larrabee:  Pleas,.  cement  on  the  re,-  -f  --- 
scattering  rISS)  and  (utherford  backseat-*.—  - : 
(RBS)  spectroscopy  in  cnaracterizim  fra..<  .-••  • 
faces . 

Authors :  To  trie  auth-rs'  knowledge,  ITS  ar.n 
Rutherford  backseat te-'i  nq  have  not  been  ucc-i  *e-r 
sively  in  charact.eriz  ng  fracture  surface-  .  Ir 
principal,  I SS  would  ..i\e  information  at'-jl  ••,(- 
fracture  surface  chemistry  ard  Rutherford  in- 
scattering  about  the  near  surface  chemistry. 

G.B.  Larrabee:  Does  surface  roughness  cau'i-  ana¬ 
lytical  prDDlers  in  scanning  Auger  spectrc-c:py 
of  microareas?  How  good  is  the  quantitative  >11,1- 
ly ti ca 1  data  that  is  generated? 

Authors :  It  is  obvious  that  surface  roughness 
influences  the  Auger  yield  since  the  anql,  01 
incidence  of  the  electron  beam  is  spatial ’/  coper 
dent.  This  would  vary  the  contribution  the 

elements  near  the  surface  when  comoared  -no 

contribution  of  the  subsurface  elements.  Ir  gen¬ 
eral  that  data  is  only  semiquantitative  i-  nature 

G.B.  larrabee:  Imaging  of  fractureo  suri.it  ns  mu- 
be  particularly  difficult.  please  comme  '  on  thr 
best  resolution  and  ir.aqe  quality  that  could  :  e 
expected  from  a  fractured  surface  of  moderate 
roughness  :or  SEM  (secondar,-  electrons  detected.:, 
SAM  (Auger  electrons  detected),  EMP  (x-rays 
detected)  and  SIM3  (seconday  ions  detected). 
Authors:  The  authors  cannot  give  a  limit  uni  rose 
Tut i on  on  the  fracture  surfaces  relative  to  the 
instrument  resolution.  In  the  case  of  SEM  where 
resolution  of  about  5  nm  is  routinely  obtained, 
this  should  be  the  resolution  on  a  fracture  plane 
normal  to  the  electron  optics.  This  will  vary 
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geometrically  for  the  other  fracture  surface 
orientations .  Similar  geometric  effects  can  be 
expected  in  the  SAM  measurements,  with  submicron 
resolution  readily  obtained.  The  EMP  will  have 
the  usual  broadening  associated  with  the  depth 
of  penetration  and  scattering  of  the  primary 
electrons  amplified  by  the  orientation  of  the 
specimen.  The  resolution  again  is  submicron 
in  three  dimensions.  The  SIMS  results  will 
depend  on  the  beam  size  used,  which  in  the  newer 
machines  is  submicron.  There  may  be  an  added 
contribution  by  double  sputtering  by  the  back- 
scattered  ions  and  by  shadowing  due  to  the  angle 
of  incidence.  This  is  also  true  for  EMP  and  for 
SAM  when  the  analyzer  is  not  coaxial  with  the 
incident  electron  beam. 

G.B.  Larrabee:  What  is  the  role  of  in  situ 
heating  combined  with  Auger  spectroscopy  of  a 
fractured  surface  to  monitor  out  diffusion  of 
species  or  the  modi fi cation  of  the  surface? 

Authors :  This  approach  has  been  tried  by  several 
investigators.  There  are  potential  differences 
between  free  surface  segregation  and  grain  bound¬ 
ary  segregation  due  to  the  constraints  at  the 
grain  boundary.  For  this  reason  direct  compari¬ 
son  of  free  surface  and  grain  boundary  segrega¬ 
tion  must  be  carefully  evaluated. 
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Carbon  Auger  Peak  Standardization 


Duane  Finello  and  H.L.  Marcus 
Materials  Science  and  Engineering  Program 
The  University  of  Texas 
Austin,  Texas  78712 


Surfaces  which  contain  carbon  in  any  of  a  variety  of  forms 
(i.e.,  hydrocarbons,  functional  oxycarbon  groups,  and  highly 
graphitic  carbons)  are  highly  susceptible  to  perturbations  in 
physical  structure  under  electron  beam  exposure.  These  changes  in 
initial  surface  structure  are  directly  associated  with  changes  in 
the  carbon  Auger  peak  shape,  as  in  the  case  of  single  crystal 
graphite.1  The  peak  shape  changes  are  shown  in  Fig.  1. 

Carbides,  however,  do  not  possess  the  graphitic  resonant  bond 
character,  and  will  tend  to  retain  their  physical  structure  by 
resisting  electron- induced  surface  damage  somewhat.  Well-resolved 
carbon  Auger  peaks  for  several  general  carbide  standards  which 
exhibit  noticeable  differences  have  been  reported.1  Carbide  Auger 
peaks  for  Al^,  Si C,  B^C,  TiC  and  ZrC  were  measured  at  0.6?  energy 
resolution  for  standardization  purposes  and  are  presented  in  this 
report. 

The  KVV  carbon  Auger  features  for  Al^C^  and  graphite  are  compared 
in  Fig.  2  (a,b).  Both  Auger  peaks  were  obtained  from  analysis  of 
commercial  Gr/Al  composite  fracture  surfaces.  A  spectrum  representing 
an  intermediate  oxide  layer  in  a  glassy  carbon/aluminum  thin  layer 
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composite  (see  Fig.  3)  shows  that  there  is  not  always  an  exact  com¬ 
parison  of  a  carbon  peak  with  known  standards.  The  thin  layer  com¬ 
posite  had  not  undergone  any  heat  treatment  which  could  superimpose 
a  small  carbide  peak  feature  on  the  substrate  Auger  signal.  The 
graphite-like  peak  shape  is  not  exactly  graphitic  like  the  glassy 
carbon  substrate  Auger  peak  shape.  Perhaps  there  is  an  oxycarbide 
signal  contribution  in  addition  to  the  basic  graphite  signal. 

Fig.  4  shows  the  KVV  carbon  Auger  peak  for  a  B^C  surface  pre¬ 
pared  by  in  situ  fracture.  Basic  chemistry  dictates  some  major  dif¬ 
ferences  between  boron  carbide  and  aluminum  carbide,  so  one  should 
expect  the  B^C  and  Al^  carbide  peaks  to  be  different.  Although 
boron  and  aluminum  are  elements  of  the  same  column  in  the  periodic 
table,  aluminum  is  a  metal  and  boron  is  practically  an  electrical 
insulator. 

The  Si C  KVV  carbon  Auger  peak  is  shown  in  Fig.  5.  It  bears  a 
slight  resemblance  to  the  carbide  peak  for  A14C3,  but  there  is  no 
significance  in  this.  All  valence  electrons  are  shared  equally  within 
molecules  of  silicon  carbide,  whereas  this  is  not  the  case  for  Al^C^ 
which  has  a  coordination  number  of  three. 

The  carbide  Auger  peaks  for  TiC  and  ZrC  surfaces  prepared  by 
in  situ  fracture  are  presented  in  Fig.  6  (a,b).  The  two  peaks  are 
virtually  identical,  except  for  a  small  satellite  peak  in  the  TiC 
signature  on  the  high  energy  side  of  the  main  peak.  The  similarity 
in  peak  shape  between  the  twu  carbides  is  not  surprising.  Both  TiC 
and  ZrC  have  similar  chemical  and  physical  properties.  All  valence 
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electrons  are  shared  equally  in  both  compounds  and  of  course  Ti  and 
Zr  are  metals  of  the  same  column  in  the  periodic  table. 

The  derivative  characteristic  loss  spectra  for  B^C,  TiC,  and 
ZrC  are  illustrated  in  Fiq.  7  (a-c).  They  exhibit  practically  no 
plasmon  structure  or  other  details  besides  basic  elastic  backscat- 
tering.  This  adds  further  credibility  to  the  idea  that  there  is 
direct  chemical  information  offered  by  the  KVV  carbon  Auger  peak. 
Summary: 

A  series  of  standard  AES  spectra  of  carbides  are  shown.  The 
carbides  do  not  seem  to  be  as  susceptible  to  electron  beam  damage 
as  are  the  various  forms  of  pure  carbon.  Some  characteristic  loss 
spectra  of  the  carbides  are  also  presented. 
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FIGURE  2 


The  KVV  carbon  valence  Auger  features  for  At 4C- (a)  and  pitch 
graphite  fiber  (b).  0 
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FIGURE  3 


The  graphitic  character  of  a  sputtered  thin  layer  composite 
interface  with  intermediate  oxide.  Note  the  slight  perturba¬ 
tion  of  the  KVV  carbon  peak  which  is  sensitive  to  the  valence 
band  chemistry. 
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FIGURE  5 

Silicon  carbide  K VV  carbon  Auger  feature. 
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FIGURE  6 

The  KVV  carbon  valence  Auger  features  for  TiC  (a) 
and  ZrC  (b). 


